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Preface 


The  research  on  equipment  design  reported  in  the  present  volume 
was  carried  out  by  the  psychology  staff  of  the  Aero  Medical  Labora¬ 
tory,  Engineering  Division,  at  Wright  Field  during  the  past  year, 
and  by  members  of  the  staff  of  the  Department  of  Psychology,  AAF 
School  of  Aviation  Medicine  during  the  past  three  years* 

Chapters  have  been  written  by  the  individuals  who  carried  out 
the  investigations  reported  therein.  Many  aspects  of  the  research 
program,  however,  cannot  be  credited  to  any  one  individual.  Re¬ 
search  plans,  in  particular,  usually  have  been  formulated  through 
the  joint  efforts  of  many  individuals. 

The  Psychology  Branch  at  Wright  Field  owes  its  existence  in 
largo  measure  to  tlio  support  of  Col.  W.  R.  Lovelace,  who  was  at 
Wright  Field,  and  to  Cols.  L.  E.  Griffis  and  J.  C.  Flanagan,  who  were 
in  the  Office  of  the  Air  Surgeon,  Headquarters,  Army  Air  Forces, 
when  the  branch  was  activated.  After  his  assignment  as  Chief  of 
the  Research  Division  in  the  Air  Surgeon’s  Office,  Col.  Otis  O.  Benson 
gave  strong  support  to  psychological  research  on  equipment  problems. 

The  research  carried  on  in  the  Aero  Medical  Laboratory,  and  the 
preparation  of  the  present  volume,  have  been  made  possible  by  the 
support  and  guidance  of  Cols.  W.  R.  Lovelace,  L.  E.  Griffis,  and  E.  J. 
Kendricks,  each  of  whom  has  served  ns  Chief  of  tho  Laboratory. 
Lt.  Col.  A.  P.  Gaggo  and  Dr.  J.  W.  Heim  have  been  of  invaluable 
assistance  in  initiating  and  carrying  out  research. 

Many  individuals  within  the  AAF  Aviation  Psychology  Program 
have  contributed  to  the  research  on  equipment  design.  Among  these 
are  Col.  A.  W.  Melton  and  other  psychologists  at  tho  School  of 
Aviation  Medicine  who  initiated  equipment  research  in  the  AAF. 
Credit  is  due  particularly  to  those  men  who  transferred  to  Wright 
Field  after  other  research  units  were  closed  at  the  end  of  tho  war, 
bringing  with  them  a  rich  background  of  experience  in  human 
problems  of  aircrew  selection  and  training. 

Several  individuals  outside  of  the  AAF  contributed  directly  to  the 
research  reported  in  this  volume.  Prof.  F.  C.  Bartlett  of  Cambridge 
University  discussed  equipment-design  research  with  the  editor  on 
numerous  occasions  during  the  summer  of  10-15,  and  jwrmitted  study 
of  rc.-earch  equipment  and  research  techniques  in  his  laboratory.  Drs. 
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W.  F.  Hunter  and  C.  W.  Bray,  and  other  psychologists  who  worked 
on  equipment  problems  for  the  Applied  Psychology  Panel  of  N.  D. 
B.  C.,  did  much  to  convince  the  AAF  of  the  importance  of  psychologi¬ 
cal  research  on  equipment.  Lt.  Col.  R.  V.  Garrett  and  Maj.  Richard 
Crane,  both  long-time  advocates  of  standardization  and  simplification 
of  the  pilot  cockpit,  gave  much  encouragement  to  psychological  study 
of  aviation  equipment.  Dr.  E.  F.  DuBois  of  the  Committee  on  Avia¬ 
tion  Medicine,  and  Mr.  D.  K.  Morrison,  who  was  in  charge  of  one  of 
the  Committee’s  (light  safety  projects,  stimulated  a  great  deal  of 
interest  in  the  reduction  of  pilot  error  through  functional  cockpit 
design. 

Recognition  is  due  also  to  the  Anthropology  Unit  of  the  Aero 
Medical  Laboratory,  which,  through  its  excellent  work  on.  human 
body-size  requirements,  won  wide  acceptance  of  the  fact  that  human 
considerations  are  important  in  airplane  design  and  paved  the  way 
for  the  cordial  reception  that  has  been  accorded  other  research  workers 
in  this  field. 

Miss  Patricia  Wall  has  supervised  the  typing  of  the  report,  Miss 
Mary  Cowles  has  been  in  charge  of  the  art  work,  Miss  Sally  Bed- 
worth  has  prepared  most  of  index,  and  Mrs.  K.  D.  Young  has  proof¬ 
read  Iho  manuscript.  Dr.  Glen  Finch  has  read  and  criticized  the 
report.  Dr.  W.  F.  Grether  has  been  of  constant  assistance  in  planning 
the  research  carried  out  by  the  Psychology  Branch  during  the  past 
year  and  in  preparing  this  report.  This  assistance  is  gratefully 
acknowledged. 

Wright  Field,  1  October  1046.  Paul  M.  Frrrs 
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CHAPTER  ONE _ _ _ 

Introduction  to  Psychological 
Research  on  Equipment  Design 

Paul  M.  Fitts 


ENGINEERING  PSYCHOLOGY  AS  A  FIELD  OF  RESEARCH 

The  purpose  of  psychological  research  on  equipment  design,  or 
engineering  psychology  as  it  may  be  called,  is  to  collect  data  on 
the  psychological  capacities  and  limitations  of  individuals  and  to 
apply  these  data  to  engineering  design  problems  to  the  end  that  the 
equipment  which  is  finally  produced  will  be  adapted  to  the  require* 
meats  of  the  man  who  is  to  use  it.  This  is  a  relatively  new  field  of 
psychological  research.  In  the  past  most  engineering  efiort  has  been 
devoted  to  improving  equipment  from  the  point  of  view  of  mechanical 
efficiency.  Engineers  have  been  aware  of  the  desirability  of  design¬ 
ing  equipment  to  meet  the  requirements  of  the  human  operator,  but  in 
most  cases  have  lacked  the  scientific  data  necessary  for  accomplishing 
this  aim.  Psychologists,  on  the  other  hand,  liave  centered  their  atten* 
tion  on  the  study  of  techniques  for  selecting  and  training  men  to  use 
existing  equipment  rather  than  on  the  investigation  of  equipment 
design  problems. 

Experiences  of  AAF  pilots  furnish  many  striking  examples  of 
tho  need  for  designing  equipment  in  relation  to  the  psychological 
characteristics  of  tho  user.  Tho  following  description  by  a  pilot  of 
tho  problems  of  making  an  instrument  landing  approach  is  an 
example  in  point:  “Before  you  hit  the  cone  of  silence  everything  is 
strictly  routine.  Afterwards  things  really  start  popping.  You 
start  putting  the  landing  gear  down,  changing  prop  pitch,  dropping 
your  flaps,  making  radio  calls,  and  at  the  same  time  the  most  difficult 
thing  is  to  fly  the  beam.  You  only  have  a  few  seconds  from  tho  cone 
of  silence  to  the  field,  and  you  want  to  stay  right  on  tho  beam.  If 
you  have  a  good  copilot  and  you  train  him  properly  the  two  of  you 
can  handle  it  all.  You  only  have  to  be  a  chauffeur  and  drive  it  down 
tho  beam.  Nine  times  out  of  ten,  though,  you  get  your  wheels  and 
flaps  down  all  right  but  wind  up  off  tho  beam.”  This  account  is  one 
of  a  series  of  recordings  obtained  during  interviews  with  AAF  pilots. 
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The  following  description,  obtained  in  the  same  manner,  illustrates 
further  the  need  for  simplifying  the  pilot’s  equipment,  “Reaching 
back  from  all  the  flying  experiences  that  I’ve  had,  I  find  that  flying 
formation  under  combat  conditions  in  instrument  weather  was  really 
the  most  difficult  Not  only  was  there  mental  strain  and  uncertainty 
because  you  didn’t  know  whether  you  were  going  to  get  through  to 
the  target,  but  you  didn’t  know  whether  there  were  other  ships  ahead 
of  you,  and  you  didn’t  know  where  the  rest  of  the  group  or  the  rest 
of  the  wing  was.  You’ just  knew  where  that  ship  on  your  wing  was 
and  that  was  all.  And  you  knew  positively  that  you  were  much 
safer  to  stay  with  him  than  to  break  away  from  him  under  any  con¬ 
dition.  You  were  determined  before  you  got  in  the  weather  that 
you  were  going  to  stay  right  there,  but  when  you  did  get  in  the  over¬ 
cast  you  would  start  experiencing  all  sorts  of  sensations  due  to  the 
fact  that  you  couldn’t  watch  your  instruments  long  enough  to  con¬ 
vince  yourself  you  weren’t  doing  acrobatics,  that  he  wasn’t  in  a  steep 
turn,  that  you  weren’t  losing  altitude,  and  so  forth.  I  found  that 
it  was  a  mental  and  physical  strain  all  the  time  and  it  took  a  lot  more 
out  of  mo  to  fly  a  mission  in  which  I  went  through  even  a  few  minutes 
of  instrument  flying  in  formation  than  it  did  to  fly  a  much  longer 
ono  under  normal  conditions.” 

Results  achieved  in  the  space  of  a  few  years  by  psychologists  who 
have  worked  in  the  field  of  engineering  psychology,  and  the  growing 
demand  on  the  part  of  engineers  for  the  type  of  information  which 
can  bo  obtained  only  through  psychological  research,  indicate  the 
scope  and  importance  of  this  field  of  specialization  in  psychology. 
Sufficient  actual  research  has  already  been  accomplished  to  show 
that  improvements  in  operator  efficiency  which  can  be  obtained  from 
minor  design  changes  frequently  turn  out  to  be  much  greater  than 
improvements  which  can  be  obtained  through  months  of  intensive 
training  or  through  careful  screening  of  operators  on  the  basis  of 
aptitude.  In  other  words,  variations  in  operator  efficiency  resulting 
from  design  changes  in  equipment  sometimes  are  far  more  important 
than  variations  in  efficiency  which  are  due  to  the  aptitude  or  the  level 
of  training  of  operators.  Almost  nil  types  of  equipment,  whether  for 
military  or  civilian  use,  for  business  or  recreation,  can  be  improved 
through  the  application  of  psychological  research  techniques  to  prob¬ 
lems  of  adapting  the  equipment  to  the  user.  However,  psychological 
research  on  equipment  design  is  especially  important  as  regards  those 
items  of  equipment  that  are  difficult  or  dangerous  to  use,  that  can 
bo  operated  only  by  carefully  selected  and  trained  men,  or  that  place 
a  premium  on  the  final  degree  of  proficiency  attained  by  the  operator. 
Relation  of  Engineering  Psychology  to  Other  Fields  of  Psychology 
Most  research  on  equipment  design  belongs  to  the  field  of  experi¬ 
mental  psycholog}’.  The  study  of  perceptual  and  motor-abilities  prob- 
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lems  demands  the  application  of  research  methods  that  date  back  to 
early  psychophysical  experimentation  in  psychology.  Problems  in 
engineering  psychology  also  involve  the  psychology  of  learning}  of 
individual  differences,  and  of  the  total  reacting  organism. 

Research  on  equipment  design  overlaps  to  some  extent  tho  field  of 
industrial  psychology.  The  latter  has  in  the  past  been  concerned  with 
such  applied  problems  as  the  selection,  training,  and  upgrading  of 
workers  for  particular  jobs,  and  with  problems  of  efficiency  which 
are  defined  by  machinery  now  in  use.  Few  industrial  psychologists, 
however,  have  attempted  to  improve  tho  basic  machines  and  working 
tools  used  in  industry. 

Engineering  psychology  employs  many  research  techniques  used 
for  personnel  selection  and  training,  especial  procedures  for  measur¬ 
ing  the  aptitudes  and  abilities  required  for  different  jobs,  and  for 
studying  tho  effectiveness  of  training  methods.  The  same  criteria  of 
proficiency  used  in  selection  and  training  studies  often  can  bo  used 
in  equipment-design  studies.  In  addition,  personnel  research  often 
reveals  characteristics  of  design  which  make  it  difficult  for  an  indi¬ 
vidual  to  operate  an  item  of  equipment  effectively,  and  thus  identifies 
those  aspects  of  the  equipment  that  should  be  modified. 

The  principal  difference  between  engineering  psychology  and  other 
special  fields  of  psychology  is  in  point  of  view  and  final  objectives. 
In  most  fields  of  applied  psychology,  and  clinical  psychology  in  par¬ 
ticular,  the  interest  is  in  changing  tho  individual  or  in  placing  the 
individual  in  an  environment  or  in  a  work  situation  where  he  can 
adapt  successfully.  Engineering  psychology  is  concerned  with  adapt¬ 
ing  one  important  aspect  of  the  environment,  tho  machines  of  %  tech¬ 
nological  society,  to  man’s  own  requirements.  Broadly  conceived,  tho 
feehniques  of  engineering  psychology  can  be  applied  to  many  aspects 
of  our  present-day  industrial  civilization  for  the  purpose  of  improv¬ 
ing  them  in  terms  of  human  requirements. 

PLACE  OF  PSYCHOLOGY  IN  THE  ENGINEERING  DEVELOPMENT 

PROGRAM  OF  THE  AAF 

Interest  in  psychological  problems  of  equipment  design  developed 
rapidly  during  the  recent  war.  The  intense  effort  to  produce  new 
weapons,  the  race  against  time  in  industrial  production,  and  tho  magni¬ 
tude  of  the  program  required  to  train  men  to  operato  these  new 
machines  resulted  inevitably  in  many  instances  in  which  the  final  man- 
machine  combination  failed  to  function  effectively. 

The  earliest  large-scale  studies  of  equipment-design  problems  were 
made  by  the  Applied  Psychology  Unit  at  Cambridge  University,  Eng¬ 
land.  This  unit,  early  in  the  war,  began  work  on  problems  in  tho  design 


3 


of  aviation  and  of  armored-force  equipment  (1,  2).1  Near  the  end 
of  the  war,  the  German  Air  Force  also  was  beginning  to  conduct  psy¬ 
chological  research  on  equipment-design  problems  (3). 

In  the  United  States  psychologists  working  for  the  National  Defense 
Research  Committee  carried  on  some  research  on  equipment-design 
problems  during  the  war.  The  NDRC  Applied  Psychology  Panel 
initially  devoted  most  of  its  efforts  to  selection  and  training  problems, 
but  later  gave  much  attention  to  problems  of  equipment  design,  espe¬ 
cially  the  design  of  fire-control  equipment  (8).  Division  7  of  NDRC 
also  worked  on  psychological  problems  in  equipment  design  (5). 

Aviation  psychologists  in  the  United  States  Navy  and  in  the  Army 
Air  Forces  became  interested  in  equipment-design  problems  chiefly 
as  an  outgrowth  of  their  work  on  selection  and  training  of  aircrew.  In 
1943  Dr.  William  McGehee,  who  had  been  working  on  pilot-training 
problems  at  the  Naval  Instrument  Flying  School  in  Atlanta,  carried 
out  an  experimental  study  to  determine  the  effect  on  flying  proficiency 
of  different  arrangements  of  flight  instruments  (6) .  At  about  the  same 
timo  the  Department  of  Psychology  of  the  AAF  School  of  Aviation 
Medicine,  with  approval  from  Headquarters,  AAF,  initiated  a  series 
of  studies  on  equipment-design  problems.  Much  of  the  equipment  re¬ 
search  at  this  unit  was  carried  out  by  Dr.  Roger  B.  Loucks  (see  ch.  8) , 
and  by  Dr.  Joseph  .Weitz  (see  ch.  13).  Dr.  Arthur  W.  Melton,  the 
Director,  and  other  members  of  the  Department  of  Psychology  staff 
collaborated  in  planning  the  studies. 

A  number  of  other  agencies,  both  civilian  and  military,  have  been 
active  in  equipment-design  research  during  the  past  few  years.  These 
agencies  include  the  Special  Devices  Division  of  the  United  States 
Navy,  the  Naval  Medical  Research  Institute,  and  the  Committee  on 
Aviation  Medicine  of  the  National  Research  Council.  Special  men¬ 
tion  also  should  be  made  of  the  work  of  Dr.  S.  S.  Stevens  and  associates 
at  the  Harvard  Psycho-Acoustic  Laboratory  (7). 

On  29  May  1915,  the  Headquarters  of  the  Army  Air  Forces  issued  a 
directive  to  tha  Air  Materiel  Command  at  Wright  Field  pointing  out 
the  need  for  establishment  of  a  psychological-research  facility  at 
Wright  Field  to  study  equipment-design  problems.  As  a  result  of 
this  directive  there  was  activated  on  1  July  1915  a  Psychology  Branch 
of  the  Aero  Medical  Laboratory.  This  was  the  last  unit  within  the 
AAF  Aviation  Psychology  Fiogram  to  be  established  during  the 
war.  The  Psychology  Branch  is  now  part  of  the  peacetime  AAF 
Aviation  Psychology  Program  and  is  the  unit  responsible  for  all 
aspects  of  engineering  psychology  for  the  Army  Air  Forces.  A  list 
of  personnel  assigned  to  the  branch  during  its  first  year  of  opera- 
tion  is  given  in  Appendix  A  of  this  report. 


JrH'LTi™'  V?'?  boMfac<'  numbers  jn  parentheses  arc  osed  to  refer  to  the  nom- 

bered  references  listed  at  the  end  of  the  chapter. 
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Organization  of  Paychological  Facilities  in  the  Air  Materiel  Conaanl 

The  official  mission  of  the  Psychology  Branch  of  the  Aero  Medical 
Laboratory  is  to  conduct  “psychological  research  to  determine  the 
capacities  of  individuals  to  operate  new  types  of  equipment  n3  an  aid 
in  the  designing  of  such  equipment  to  the  end  that  the  final  project 
will  be  best  adapted  to  the  man  who  must  use  it.”  Tills  responsibility 
extends  to  contracts  for  psychological  research  on  equipment  design 
problems  carried  on  outside  of  the  command.  Research  in  the  Psy¬ 
chology  Branch  is  conducted  by  a  staff  of  professional  psychologists 
assisted  by  psychological  technicianst  apparatus  technicians,  and  stat¬ 
istical  and  clerical  personnel.  The  staff  is  composed  chiefly  of  civilians. 
A  few  rated  flying  personnel  and  a  few  enlisted  men  also  arc  assigned 
to  the  staff.  The  predominance  of  civilian  over  military  personnel  is 
in  keeping  with  the  general  organization  of  Wright  Field,  which  in 
peacetime  provides  for  a  staff  composed  primarily  of  civilian  engineers 
and  research  workers. 

The  Aero  Medical  Laboratory,  of  which  the  Psychology  Branch 
is  a  part,  is  one  of  15  laboratories  making  up  the  Engineering  Divi¬ 
sion  of  the  Air  Mntdriel  Command.  The  Aero  Medical  Laboratory 
was  initially  established  in  1035.  It  is  responsible  for  many  aspects 
of  human  requirements  in  relation  to  equipment.  Physiologists,  bio¬ 
physicists,  anthropologists,  biologists,  physicians,  nutrition  experts, 
physicists,  psychologists,  and  engineers  in  tho  several  branches  of 
the  laboratory  work  on  a  coordinated  program  of  biological  research. 

Tho  Engineering  Division  in  turn  is  responsible  for  development 
of  all  types  of  equipment  peculiar  to  the  needs  of  the  Army  Air  Forces. 
This  includes  responsibility  for  development  of  new  airplanes  and 
equipment  employed  in  aircraft  or  used  in  communicating  with  air¬ 
craft.  The  division  is  also  responsible  for  development  of  special 
training  equipment  used  by  tho  AAF.  The  primary  mission  of  the 
Engineering  Division  is  equipment  development.  During  peacetime, 
however,  substantial  emphasis  is  given  to  basic  research. 

It  will  bo  seen  that  engineering  psychology  in  the  Army  Air  Forces 
is  centralized  in  the  command  that  is  rcspunsiblo  for  all  engineering 
development,  and  in  the  laboratory  that  houses  tho  biological  sciences. 
Tho  Psychology  Branch  is  also  a  part  of  tho  AAF  Aviation  Psychol¬ 
ogy  program  which  is  directed  through  a  chief  psychologist  in  tho 
Office  of  the  Air  Surgeon  in  Headquarters,  Army  Air  Forces. 

Tho  advantages  of  the  present  location  of  the  Psychology  Branch 
nro  numerous.  The  present  centralized  organization  permits  a  de¬ 
sirable  amount  of  specialization.  Psychologists  can  work  on  prob¬ 
lems  that  arc  common  to  many  different  types  of  equipment.  For 
example,  an  individual  can  specialize  in  perceptual  problems,  in 
motor  abilities  problems,  in  fatigue  problems,  or  in  some  other  field 
of  primary  interest.  A  centralized  organization  prevents  duplication 
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of  effort  and  lends  itself  to  maximum  utilization  of  limited  research 
l>ersoimel  through  a  jointly  planned  research  program.  Other  ad¬ 
vantages  include  close  contact  with  engineers  and  with  the  labora¬ 
tories  that  are  working  on  all  new  engineering  developments.  It  is 
also  of  advantage  to  be  associated  with  other  biological  scientists 
and  to  be  able  to  engage  in  cooperative  research  on  problems  that 
overlap  several  specialized  fields. 

Activities  and  Responsibilities  of  the  Psychology  Branch 

Activities  of  the  Psychology  Branch  fall  into  four  areas:  (1)  re¬ 
search  activities;  (2)  coordination  of  university  research  projects; 
(3)  consultation  with  scientists  and  engineers  from  other  Wright  Field 
laboi-a  lories;  and  (4)  liaison  with  outside  agencies.  Of  these  areas, 
research  is  considered  most  important  and  receives  most  attention. 
The  research  program  in  turn  is  concerned  with  problems  of  three 
levels  of  generality:  practical  problems  that  are  specific  to  one  or  a 
few  items  of  equipment;  basic  problems  that  arc  of  importance  for  the 
design  of  many  different  items;  and  broad  theoretical  problems.  In 
general,  specific  practical  problems  arc  not  investigated  unless  the 
problem  is  of  sufficient  importance  to  justify  the  effort.  The  majority 
of  research  projects  are  designed  to  obtain  answers  to  basic  questions 
that  are  common  to  many  engineering  design  problems.  In  the  long 
run  it  is  much  more  efficient  to  emphasize  this  type  of  research.  A 
certain  amount  of  time. also  is  devoted  to  research  that  is  of  general 
theoretical  interest  and  to  the  study  of  methodological  problems.  Re¬ 
gardless  of  the  level  of  the  problem,  however,  every  effort  is  made  to 
design  experiments  in  such  a  way  that  findings  will  be  of  as  wide 
application  ns  possible. 

Another  activity  of  the  Psychology  Branch  is  consultation  with  en¬ 
gineers  and  scientists  from  other  laboratories  and  from  industry.  Con- 
sultntion  services  may  involve  interpretation  of  available  information 
or  giving  of  professional  advice  on  design  problems  requiring  an 
immediate  answer.  Staff  members  also  participate  in  mock-up  studies. 
v  Many  questions  that  arise  in  connection  with  the  planning  of  crew 
positions  and  layout  of  equipment  and  working  space  for  these  mock- 
ups  nro  psychological  in  nature  and  can  be  answered  on  the  basis 
of  well-established  psychological  principles. 

A  further  responsibility  of  the  Psychology  Branch  is  the  coordina¬ 
tion  of  research  which  is  carried  out  by  universities  under  contract 
with  the  Air  Materiel  Command.  After  a  general  problem  has  been 
assigned,  it  is  the  policy  to  allow  universities  a  great  amount  of  free¬ 
dom  in  designing  experiments  and  in  carrying  out  research.  How¬ 
ever,  the  Psychology  Branch  offers  assistance  in  defining  problems  and 
in  supplying  information  regarding  new  engineering  developments 
to  be  encountered  in  future  aircraft.  The  branch  also  is  responsible 
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for  maintaining  liaison  with  other  military  and  civilian  organizations 
engaged  in  the  psychological  study  of  equipment-design  problems  as 
well  as  with  the  aircraft  and  equipment  industry. 

RESEARCH  AREAS 

Problems  of  equipment-design  research  can  be  classified  in  terms 
of  types  of  equipment  involved  or  in  terms  of  the  nature  of  the  psycho* 
logical  questions  which  must  be  answered.  Classification  in  terms  of 
psychological  problems  is  considered  to  be  more  meaningful.  When 
this  basis  is  used,  problems  fall  logically  into  five  areas:  (1)  design 
of  display  systems  in  relation  to  human  perceptual  abilities;  (2) 
design  of  control  systems  in  relation  to  human  motor  abilities;  (3) 
determination  of  human  limits  in  operating  equipment;  (4)  study  of 
the  user’s  acceptance  of  his  equipment ;  and  (5)  problems  involving 
the  design  of  complex  systems  of  equipment.  It  is  obvious  that  these 
various  areas  overlap  to  a  considerable  extent.  The  first  two  are 
treated  in  detail  in  the  two  following  chapters. 

Display  Problems 

The  design  of  a  display  system  involves  the  problem  of  presenting 
through  instruments,  necessary  information  that  otherwise  could 
not  be  perceived.  Design  of  devices  for  providing  this  information 
is  in  many  respects  a  psychological  problem,  involving  selection  of 
the  sense  modality  to  bo  utilized,  selection  of  tho  specific  cues  to  be 
provided  the  operator,  and  choice  of  a  method  of  indication.  The 
design  of  aircraft  instruments,  of  radar  scopes,  of  communication 
systems,  and  of  warning  devices  are  problems  in  this  area. 

An  important  equipment-design  problem  is  tho  design  of  flight 
instruments  that  can  be  read  quickly,  yet  accurately.  Tho  following 
account  illustrates  this  particular  problem:  “An  instructor  had  his 
ship  and  five  cadets  in  AT-O’s  at  18,000  feet.  Ho  gave  directions  to 
break  up  the  formation  and  descend  to  10,000  feet,  then  practice  three* 
turn  spins  and  return  to  tho  field.  This  cadet  didn’t  follow  instruc* 
tions.  Ho  started  his  spin  at  18,000  feet,  thinking  ho  would  practice 
a  spin  on  the  way  down  und  break  it  at  10,000.  Of  course,  spins  don’t 
break  ns  fast  at  that  altitude.  The  cadet  thought  the  ship  wasn’t  com¬ 
ing  out  of  the  spin.  IIo  had  been  instructed  to  bail  out  of  a  spinning 
ship  when  it  got  down  to  3,000  feet,  so  he  looked  at  his  altimeter. 
It  read  13,000  but  ho  thought  it  road  3,000,  so  he  bailed  out.  It  took 
him  a  long  time  to  get  down  to  old  mother  earth.  Wo  lost  one  AT-0 
on  that  deal.”  An  account  of  another  pilot’s  experience  which  did  not 
turn  out  as  well  illustrates  a  similar  difficulty  with  the  same  instru¬ 
ment:  “A  buddy  of  mine  was  flying  at  1,500  feet.  Ho  looked  up  and 
there  was  a  bunch  of  trees  in  front  of  him.  The  funny  thing  was, 
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after  it  was  all  over  ami  the  plane  had  crashed,  he  felt  and  saw  that  his 
bones  were  all  OK  and  said,  ‘Well,  I  guess  I  must  have  hit  a  tree.’ 
What  had  happened  was  that  he  had  misread  his  altimeter.  He  was 
actually  flying  at  an  indicated  altitude  of  500  feet,  which  was  just 
the  altitude  of  the  terrain  at  that  point,” 

Control  Problem* 

Many  different  types  of  controls  can  be  used  with  most  machines. 
Problems  for  psychological  research  in  this  area  include  investigations 
to  discover  which  design  variables  have  an  important  influence  on  the 
effectiveness  with  which  an  operator  can  use  a  control.  Psychologists 
also  should  determine  the  quantitative  relationship  between  each  im¬ 
portant  design  variable  and  the  effectiveness  of  over-all  use,  so  that 
controls  can  be  built  especially  for  the  kind  of  control  operation  re¬ 
quired.  Basic  to  the  study  of  problems  in  this  field  is  the  study  of 
human  motor  abilities. 

Accounts  of  flight  experiences  frequently  contain  descriptions  of 
mistakes  in  the  use  of  controls  which  might  have  been  prevented  by 
better  control  design.  The  following  experience  of  an  AAF  pilot 
is  an  example:  “The  mistake  of  which  I  am  speaking  was  made  on  the 
way  from  Gander  Lake,  Newfoundland,  to  Marrakech,  North  Africa. 
Our  B-29’s  were  on  their  way  over.  We  had  been  out  from  Gander 
Lake  about  2  hours  when  we  encountered  fuel-pressure  trouble  in 
number-one  engine.  Tho  gage  was  reading  about  4  pounds  per  square 
inch  and  tho  motor  was  backfiring.  I  told  the  engineer  to  try  to  clear 
it  out  and  bring  the  pressure  up.  In  trying  to  do  so  in  a  hurry,  he 
pulled  off  number-four  engine,  the  wrong  one.  For  a  while  we  sat  up 
there  with  just  two  engines  while  he  was  trying  to  get  number  four 
started  again.  Eventually  we  had  to  feather  number  one  and  go  on 
into  Marrakech  on  three  engines.  I  believe  that  the  reason  why  our 
engineer,  who  was  a  green  man,  made  this  mistake  was  because  the 
engineer  on  the  B-29  faces  aft.  In  an  emergency  ho  got  excited  and 
pulled  the  engine  control  which,  if  he  had  been  facing  forward,  would 
lmvo  been  tho  number-one  control.”  * 

Study  of  Human  Limitations 

In  the  design  of  many  items  the  question  of  tho  limits  of  human 
ability  in  operation  of  the  equipment  is  of  special  importance.  Re¬ 
gardless  of  how  well  an  item  of  equipment  is  designed  in  relation  to 
the  human  requirements  of  the  operator,  there  are  always  finite  limits 
to  the  speed  and  accuracy  with  which  the  operator  can  use  it.  Such 
limitations  must  he  studied  and  defined  in  order  to  predict  whether  it 
will  be  possible  for  individuals  to  use  proposed  new  items  of  equip- 

*  For  nn  Individual  facing  forward  In  an  aircraft  the  engines  are  numbered  from  left  to 
right.  Jlowerer,  since  the  engineer.  In  this  case,  was  riding  backwards,  the  numbor-cDe 
engine  actually  was  on  his  right.  The  controls,  however,  were  arranged  with  the  number- 
one  control  to  his  left  and  number  four  control  io  bis  right 
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men U  The  determination  of  human  limitations  is  especially  impor¬ 
tant  in  relation  to  the  prevention  of  accidents.  In  order  to  bo  certain 
that  equipment  can  be  operated  safely  it  is  necessary  to  know  not  only 
the  average  performance  of  individuals  who  use  it,  but  also  what  the 
extreme  range  of  human  variability  in  its  operation  will  be. 

Acceptability  of  Equipment 

Studies  of  the  acceptability  of  equipment  involve  such  problems  as 
pilot  comfort,  the  confidence  of  the  operator  in  his  equipment,  and  the 
amount  of  pride  and  satisfaction  involved  in  its  use.  Many  cases  are 
known  of  operators  who  have  refused  to  use  an  item  of  equipment 
such  as  a  crash  helmet,  a  pair  of  goggles,  or  a  new  instrument  because 
they  did  not  like  it,  in  spite  of  the  fact  that  it  was  satisfactory  from 
every  other  point  of  view. 

It  is  important  that  the  user  have  confidence  in  equipment,  such  03 
his  blind-flying  instruments,  that  is  used  during  critical  periods. 
Pride  in  his  flying  clothing,  parachute,  and  other  personal  equipment 
is  also  desirable. 

Comfort  is  a  special  problem  in  this  field.  Apart  from  any  possible 
causal  relationship  between  subjective  feelings  of  discomfort  and  loss 
of  efficiency,  it  is  desirable  that  comfort  be  considered  in  its  own  right. 
Problems  of  comfort  include  the  design  of  seats  (to  which  anthropol¬ 
ogy  has  made  a  special  contribution) ,  the  provision  of  adequate  work¬ 
ing  space,  of  adequate  lighting,  of  protection  from  undue  noiso  and 
vibration,  and  the  relief  of  monotony  and  boredom. 

Equipment  Systems  Problems 

Problems  for  study  in  this  field  include  questions  of  the  arrange¬ 
ment  of  controls  and  displays  for  motion  and  time  economy  in  sequen¬ 
tial  use,  and  the  arrangement  of  complex  systems  of  equipment  for 
efficient  over-all  operation,  A  special  problem  concerns  the  integra¬ 
tion  of  systems  of  equipment  to  be  used  simultaneously  or  consecutively 
by  a  number  of  different  operators. 

Arrangement  of  equipment  in  the  pilot  cockpit  recently  has  received 
much  attention.  In  the  past,  equipment  often  bus  been  located  in  the 
cockpit  without  particular  regard  to  the  over-all  problems  of  pilot 
efficiency.  Placement  of  the  pilot  seat  and  location  and  arrangement 
of  the  numerous  instruments  and  controls  in  the  cockpit  so  that  the 
pilot  can  seo  out  of  the  airplane,  check  his  instruments,  and  operate 
controls  without  getting  out  of  his  seat,  is  a  difficult  problem.  Decause 
of  their  complexity,  the  study  of  these  and  other  systems-engineoring 
problems  requires  tho  use  of  special  research  methods  and  techniques. 

Other  equipment  systems  of  importance,  especially  in  new  types 
of  aircraft,  are  those  used  by  tho  navigator,  tho  radar  operator,  the 
bombardier,  the  gunner,  and  the  radio  operator.  Development  of 
remote-control  systems  for  guiding  airplanes  and  missiles  from  a  di9- 
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tance  is  another  s)'stem.-;-enginecring  problem  which  deserves  psycho¬ 
logical  study. 

The  communication  system  between  different  members  of  an  air¬ 
crew  and  between  the  ground  and  the  airplane  also  presents  many 
psychological  problems.  A  combination  of  voice  communication  and 
radar  equipment  is  coming  into  use  for  controlling  airplanes  from  the 
ground.  Control  of  aircraft  traffic  around  an  airport  and  control  of 
aircraft  from  the  ground  during  blind  landings  involves  communica¬ 
tion  between  the  pilot,  the  ground  controller,  and  often  a  number  of 
special  radar  operators.  This  complicated  system  involves  many 
psychological  links  and  human  reaction  times.  The  entire  system,  as 
well  as  its  components,  presents  a  problem  worthy  of  considerable 
psychological  study. 

Relation  Rctwcen  the  Various  Research  Areas 

The  first  two  areas  discussed  above,  display  and  control  problems, 
lend  themselves  readily  to  experimental  designs  in  which  one  variable 
at  a  time  is  studied  or  covariation  of  a  few  factors  is  allowed.  The 
study  of  human  limitations  is  in  some  respects  a  special  case  of  the 
first  two  areas.  Study  of  the  acceptability  of  equipment  to  the  user  is 
clearly  distinct  from  the  first  three  areas  in  that  the  emphasis  is  upon 
a  subjective  rather  than  an  objective  criterion.  The  last  area,  that 
of  systems  problems,  differs  from  the  others  chiefly  as  regards  the 
complexity  of  the  variables  being  studied.  Systems-design  problems 
do  not  lend  themselves  to  systematic  experimental  evaluation  of  each 
variable  in  the  system.  In  comparing  different  systems  it  is  possible 
to  arrive  at  an  over-all  quantitative  determination  of  the  efficiency  of 
any  two  systems;  however,  the  identification  of  the  specific  factors  re¬ 
sponsible  for  tho  superiority  of  one  system  over  the  other  or  the  iden¬ 
tification  of  features  which,  if  modified,  would  lead  to  over-all  im¬ 
provement,  requires  the  use  of  techniques  such  as  those  employed  in 
motion  and  timo  analysis.  In  general,  it  is  believed  that  the  first  two 
areas  are  the  most  important  at  this  stage  and  should  receive  major 
attention. 

METHODS  AND  TECHNIQUES 

In  tho  application  of  psychological  research  to  problems  in  a  now 
field,  such  ns  equipment  design,  it  is  to  be  expected  that  many  prob¬ 
lems  of  methodology  will  bo  encountered.  Much  of  the  work  of  the 
Psychology  Branch  during  its  first  year  of  operation  has  involved 
consideration  of  techniques  suitable  for  use  in  equipment-design  re¬ 
search.  Most  of  the  following  discussion  concerns  problems  of 
methodology  rather  than  the  answers  to  these  problems. 

Method*  for  Clarifying  Psychological  Problems  in  Equipment  Design 

Initiation  of  a  program  of  research  requires  consideration  of  prob¬ 
lems  to  be  studied  and  an  evaluation  of  their  relative  importance. 
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The  implications  of  different  problems,  the  likelihood  of  obtaining 
psychological  findings  of  wide  application,  and  the  techniques  suitable 
for  use  in  studying  problems  are  factors  to  be  considered. 

Six  different  techniques  have  been  employed  in  exploring  equip¬ 
ment-design  problems  to  the  extent  necessary  to  clarify  the  psychologi¬ 
cal  questions  involved.  These  techniques  are  the  following:  (1)  an¬ 
alysis  of  experiences  and  opinions  of  operators  who  have  used  tho 
equipment;  (2)  observation  of  operator  behavior;  (3)  participation 
by  psychologists  in  the  use  of  equipment;  (4)  analysis  of  available 
records;  (5)  analysis  of  the  opinions  of  engineers;  and  (6)  review 
of  reports  of  related  research  findings.  Often  several  of  these  pro¬ 
cedures  are  used.  Each  of  these  techniques  will  be  discussed  briefly. 

1.  Useful  information  often  can  be  obtained  from  individuals  who 
have  been  using  existing  types  of  equipment.  Descriptions  of  per¬ 
sonal  experiences  in  operating  equipment  arc  valuable.  An  investi¬ 
gation  is  now  under  way,  for  example,  in  which  a  series  of  100  pilots 
is  being  interviewed  and  descriptions  obtained  of  specific  experiences 
in  taking  off,  flying  on  instruments,  landing,  using  controls,  and  using 
instruments.  These  accounts  of  specific  experiences  are  relatively  free 
from  most  of  the  biases  that  influence  statements  of  opinions.  Fol¬ 
lowing  the  collection  and  analysis  of  descriptions  of  concrete  experi¬ 
ences,  it  is  often  worth  while  to  investigate  certain  questions  in  greater 
detail  through  the  use  of  questionnaires  or  other  techniques  for  obtain¬ 
ing  responses  from  large  numbers  of  individuals. 

2.  Reports  are  sometimes  received  that  operators  are  experiencing 
difficulty  in  using  an  item  of  equipment  or  in  carrying  out  a  particular 
operation.  Often  the  exact  cause  of  the  difficulty  is  not  known.  In 
this  case  it  may  be  desirable  to  observe  or  to  obtain  records  of  be¬ 
havior  on  tho  job.  In  such  preliminary  observation  no  attempt  is 
made  to  control  the  conditions  of  work  or  to  introduce  experimental 
variations  in  procedure. 

3.  A  somewhat  similar  technique  is  involved  when  a  trained  psychol¬ 
ogist  learns  to  operate  an  item  of  equipment  in  order  to  become 
familiar  with  its  use,  and  to  observe  his  own  difficulties  ns  an  operator. 

4.  In  some  cases  records  of  difficulties  or  errors  in  the  uso  of  equip¬ 
ment  are  available  and  can  be  studied  by  the  research  worker.  Acci¬ 
dent  reports  are  an  example  of  records  of  this  sort.  An  analysis  of 
navigator  logs  by  tho  Psychological  Research  Project  (Navigator) 
served  as  a  stimulus  for  tho  study  of  psychological  factors  in  tho  design 
of  air  navigation  plotters  which  is  reported  in  chapter  5  of  this 
volume. 

5.  Another  valuable  source  of  information  in  clarifying  psychologi¬ 
cal  aspects  of  equipment-design  problems  is  the  opinion  of  engineers. 
This  source  is  particularly  valuable  in  the  case  of  items  of  equipment, 
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such  as  new-type  radar  sets,  which  have  never  been  placed  in  opera¬ 
tional  use. 

C.  A  review  of  the  psychological  literature  sometimes  results  in  the 
location  of  information  of  value  in  planning  research  on  a  new  prob¬ 
lem.  In  general,  however,  it  has  been  found  that  little  of  the  research 
reported  in  the  literature  gives  pertinent  answers  to  the  questions  asked 
by  engineers. 

Hanning  Experimental  Procedures 

Having  clarified  the  question  at  hand,  the  next  step  is  the  selection 
of  suitable  experimental  procedures  for  studying  the  problem.  This 
requires  decisions  regarding  (1)  the  level  of  behavior  to  be  studied, 
(2)  the  conditions  under  which  research  is  to  be  carried  on,  and  (3) 

I  he  experimental  design  to  be  employed. 

Level  of  behavior  studied. — A  distinction  can  be  made  between 
different  levels  of  behavior  in  terms  of  the  degree  of  complexity  of  the 
response  required  of  the  individual  and  the  complexity  of  the  total 
situation  employed  by  the  experimenter.  The  lowest  level  of  behavior 
which  lends  itself  to  equipment  studies  is  that  in  which  the  experi¬ 
menter  is  concerned  primarily  with  perceptual  or  motor  processes  of 
the  individual.  Sensory  or  motor  tasks  often  can  be  made  quite 
specific  and  one  variable  studied  at  a  time.  The  next  higher  level 
of  behavior  which  lends  itself  to  equipment  design  studies  is  that  in 
which  the  individual  is  required  to  carry  on  some  simple  perceptual- 
motor  activity.  The  study  reported  in  chapter  17  of  this  report 
involving  the  use  of  a  simple  pursuit  task  furnishes  an  example  of 
research  at  the  second  level  of  complexity.  At  a  still  moro  complex 
level  it  is  possible  to  simulate  in  the  laboratory  the  characteristics 
of  the  total  job  situation.  Studies  such  as  the  one  employing  the  Link 
Instrument  Ground  Trainer,  reported  in  chapter  8  of  this  report,  or 
the  study  involving  simulation  of  the  task  of  an  aerial  gunner,  re¬ 
ported  in  chapter  18,  are  examples  of  research  studies  carried  on  at 
this  level.  The  simulated  job  is  a  useful  experimental  situation  pro¬ 
vided  the  tusk  can  be  standardized  and  suitable  scoring  devices  de¬ 
veloped.  The  final  and  most  complex  level  of  behavior  that  can  be 
selected  for  study  is  the  performance  of  actual  tasks,  for  example, 
the  study  of  pilot  reactions  in  the  air.  Research  conducted  in  the  air 
is  admittedly’  both  difficult  and  expensive.  However,  it  appears  desir¬ 
able  at  times  to  verify  laboratory  findings  in  the  air.  In  general  it  is 
believed  that  flight  testing  should  be  employed  as  a  final  step  after 
the  completion  of  as  much  work  as  can  be  dono  efficiently  in  the 
laboratory. 

Conditions  of  resmrek.— Choice  of  the  level  of  behavior  to  be  studied 
often  determines  nl-o  the  conditions  under  which  research  should  bo 
conducted.  Experimental  studies  of  equipment  design  can  bo  carried 
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on  in  a  laboratory,  in  a  specially  equipped  aircraft,  or  at  a  station 
where  training  or  routine  flying  is  in  progress.  The  majority  of  the 
work  of  the  Psychology  Branch  has  been  and  will  continue  to  be  done 
in  the  laboratory.  Flight  testing  is  carried  out  on  a  limited  scale. 
Field  studies  usually  are  limited  to  the  collection  of  data  needed 
to  clarify  psychological  questions  involved  in  equipment  design. 
Occasionally,  in  addition,  it  is  planned  to  utilize  routine  training 
activities  or  flight  operations  as  a  means  of  collecting  data. 

Number  of  Equipment  usually  is  designed  for  the  average 

individual.  From  this  point  of  view,  therefore,  it  is  important  to 
obtain  as  representative  a  population  as  possible  and  thus  to  maximize 
the  number  of  subjects.  However,  economy  in  the  collection  of  data 
usually  makes  it  desirable  to  secure  considerable  data  on  the  same 
individual,  once  he  has  been  scheduled  for  testing.  In  practice, 
experimental  designs  should  call  for  a  sufficient  number  of  represen* 
tative  subjects  to  provido  an  adequate  sample  of  the  population  and 
sufficient  measures  on  each  individual  to  provide  the  required  amount 
of  data. 

In  equipment-design  studies  individual  subjects  frequently  can  be 
used  as  their  own  controls.  Where  this  is  permissible  it  is  much  more 
efficient  to  use  the  same  individuals  under  experimental  and  control 
conditions  than  to  use  different  individuals. 

Choice  of  experimental  design. — In  many  equipment-design  prob¬ 
lems  a  large  number  of  experimental  variables  can  bo  thought  of 
which  it  might  be  important  to  study.  The  use  of  experimental  de¬ 
signs  which  make  maximum  use  of  small  samples  frequently  is  indi¬ 
cated  as  an  initial  step  in  selecting  from  this  large  number  of  variables 
those  which  are  most  important  in  determining  operator  efficiency. 
The  variables  selected  in  this  manner  then  can  be  studied  systemati¬ 
cally  with  larger  numbers  of  cases  in  order  to  work  out  more  exact 
quantitative  relationships  between  each  variablo  and  the  criterion. 
The  study  of  any  selected  group  of  variables  demands  also  that  the 
interaction  between  variables  bo  investigated.  Frequently  it  is  de¬ 
sirable  to  determine  which  variables  arc  subject  to  interaction  effects 
and  then  to  adopt  an  experimental  design  which  permits  systematic 
control  or  study  of  these  interactions. 

Choice  of  Appropriate  Criteria 

Tho  problem  of  the  criterion  has  been  recognized  in  many  fields 
of  psychology.  The  choice  of  suitable  criteria  is  an  important  step 
in  planning  equipment-design  studies.  The  obvious  criterion  is  pro¬ 
ficiency  in  using  the  equipment  in  question.  Choice  of  a  criterion 
of  proficiency,  however,  revolves  around  the  purposo  for  which  the 
equipment  is  used.  In  some  cases,  for  example,  speed  of  operation 
may  be  of  major  importance.  In  other  cases  precision  or  accuracy 
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may  be  more  important  than  speed.  Special  items  of  equipment 
place  a  premium  on  still  other  response  characteristics  of  the  oper¬ 
ator.  Lead-computing  gun  sights,  for  example,  often  require  great 
smoothness  of  operation  since  irregularities  in  the  rates  of  motion 
imparted  to  the  sight  arc  amplified  by  tho  computer. 

In  investigations  where  tho  acceptability  of  equipment  is  the  chief 
interest  special  criteria  are  indicated.  Since  acceptability  often  is 
defined  in  terms  of  tho  subjective  feelings  of  tho  individuals  who  are 
to  use  the  equipment,  techniques  must  be  employed  for  measuring  at¬ 
titudes  such  ns  confidence  in  the  equipment, 

A  criterion  of  considerable  importance  is  the  amount  of  learning 
time  required  to  reach  a  satisfactory  level  of  proficiency  in  equipment 
operation.  Apart  from  the  probable  relationship  between  rate  of 
learning  and  final  level  of  proficiency,  the  amount  of  training  required 
on  a  new  item  of  equipment  is  an  important  practical  consideration. 
For  example,  the  design  of  a  parachute  opening  device,  or  the  opera¬ 
tion  of  a  fire-extinguisher  button  in  the  cockpit  should,  if  possible,  be  so 
simple  that  tho  operator  will  be  able  to  use  it  instantly  after  long 
periods  of  no  practice.  Economy  in  training  also  is  important.  For 
example,  an  over-all  reduction  in  the  amount  of  time  required  to  learn 
to  fly  safely  would  be  highly  desirable,  not  only  for  the  training  of 
military  personnel  but  for  the  training  of  civilian  flyers. 

Often  it  may  bo  desirable  to  utilize  several  criteria.  It  is  common 
practice,  for  example,  to  obtain  both  speed  and  error  scores.  Often 
research  apparatus  can  be  designed  to  provide  simultaneously  several 
different  scores.  If  possible,  criteria  should  be  chosen  that  are  subject 
to  precise  objective  measurement  and  to  the  recording  of  quantitative 
total  scores.  In  the  final  analysis,  choice  of  criteria  involves  an  evalu¬ 
ative  judgment  by  the  experimenter. 

Development  of  Research  Equipment 

During  the  first  year  of  its  existence  at  Wright  Field  the  Psychology 
Branch  1ms  directed  a  major  portion  of  its  work  to  the  design  and 
development  of  suitable  research  equipment.*  Some  problems  have 
been  studied  without  special  equipment  or  with  simple  apparatus  that 
was  available. 

Perhaps  the  most  economical  research  medium  is  the  printed  test. 
The  research  projects  reported  in  chapters  4,  C,  and  11  of  this  volume 
employed  printed  testing  materials.  This  technique  is  particularly 
well  adapted  to  the  study  of  perceptual  problems. 

The  assembly  or  development  of  equipment  for  laboratory  studies 
of  perceptual  and  motor  capacities  is  a  relatively  straightforward 

*  A  number  of  individuals  havo  contributed  significantly  to  tho  development  of  research 
equipment  used  In  the  research  studies  reported  In  this  volume.  Special  credit  is  due  to 
J.  Bakalas,  J.  F.  Itoory.  J.  R.  Rrlck,  M.  M.  Ducody,  If.  Mueblbauser,  R.  J.  Roettele,  and 

R.  B.  Smith. 
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problem.  In  many  cases  existing  equipment  or  modifications  of  stand, 
ard  laboratory  equipment  can  be  used.  Tests  employed  in  the  AAF 
aircrew  selection  program,  for  example,  have  been  used  in  studying 
control  problems. 

The  development  of  apparatus  for  simulating  activities  of  a  high 
level  of  complexity,  such  as  instrument  flying,  however,  presents  a 
difficult  problem.  Many  training  devices,  such  as  those  for  simulating 
on  the  ground  performance  of  blind  flying  instruments  and  radar 
equipment,  are  already  available.  F ew  existing  training  devices,  how. 
ever,  can  be  used  in  psychological  research  without  considerable  modi¬ 
fication.  Most  synthetic  trainers  have  no  provision  for  quantitative 
scoring,  and  little  attention  has  been  given  to  the  requirement  of  day 
to  day  stability. 

It  has  been  necessary,  in  several  cases,  to  contract  for  the  develop, 
ment  and  manufacture  of  special  research  equipment  by  outside  en¬ 
gineering  firms.  Plans  for  the  coming  year  call  for  the  delivery  of 
equipment  for  simulating  instrument  flying  problems,  and  for  measur¬ 
ing  pilot  behavior  and  aircraft  performance  in  an  air-borne  laboratory. 

Selection  of  Subjects 

It  is  not  possible  at  the  present  time  to  estimate  accurately  the  extent 
to  which  research  findings  in  the  field  of  engineering  psychology  may 
be  influenced  by  characteristics  of  the  population  from  which  the  data 
are  secured.  The  general  aptitude  level  of  the  population  employed 
as  experimental  subjects  is  probably  ait  important  factor.  Pilots  and 
other  aircrew  members  are  very  highly  selected  as  regards  coordina¬ 
tion,  perceptual  ability,  mechanical  aptitude,  and  similar  character¬ 
istics  that  are  important  in  learning  to  fly.  It  has  been  considered  de¬ 
sirable  for  this  reason  to  use  only  aircrew  members  or  individuals  of 
similar  levels  of  aptitude  as  subjects  in  studies  of  aviation  equipment. 

Age,  height,  weight,  visual  acuity,  and  auditory  acuity  are  other 
factors  that  may  be  of  importance  in  selecting  subjects.  In  all  of 
these  characteristics  aircrew  members  represent  a  more  homogeneous 
group  than  the  general  population.  Thus  far  it  has  not  been  feasible 
to  investigate  the  importance  of  each  of  these  variables  in  a  system¬ 
atic  manner,  but  such  studies  are  planned. 

Another  question  is  the  desirability  of  using  trained  subjects  or 
of  using  inexperienced  subjects.  "Where  new  equipment  is  to  b® 
used  by  individuals  who  have  already  had  a  largo  amount  of  special¬ 
ized  training  with  similar  equipment,  it  is  considered  desirable  to* 
use  as  research  subjects  individuals  with  a  similar  level  of  training. 
In  other  instances  it  has  been  considered  advisable  to  use  inexperienced 
subjects.  In  studies  such  as  the  one  reported  in  chapter  5  of  this 
volume,  in  which  the  design  of  air  navigation  plotters  was  studied, 
high-school  mathematics  students  were  employed  becuuse  it  was  con- 
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sidered  advisable  to  use  as  subjects  individuals  with  no  previous 
specialized  navigation  training.  An  alternative  procedure  would 
have  been  to  give  a  group  of  experienced  navigators  a  considerable 
amount  of  practice  in  the  use  of  the  new  plotters  before  making  the 
experimental  comparisons.  In  many  cases  it  will  be  desirable  to 
uso  both  experienced  and  inexperienced  individuals  as  subjects,  in 
order  to  evaluate  the  design  requirements  of  both  groups. 

RESEARCH  OBJECTIVES 

'flic  objectives  of  research  on  equipment  design  can  be  summarized 
as  follows:  (1)  identification  of  those  variables  in  design  which  are 
most  important  in  determining  the  ability  of  individuals  to  use 
equipment;  (2)  determination  of  quantitative  functions  defining  the 
relationships  between  these  design  variables  and  operator  efficiency; 
and  (3)  application  of  these  findings  to  engineering  design  problems. 
Much  careful  research  will  be  required  in  order  to  achieve  the  first  < 
two  of  these  objectives.  However,  it  is  believed  that  the  responsi¬ 
bilities  of  the  research  worker  do  not  end  with  the  completion  of  his 
research  and  writing  of  a  research  report.  He  has  a  further  re¬ 
sponsibility  to  see  that  his  findings  are  reported  in  such  a  way  that 
they  can  be  used  by  the  engineer,  and  that  correct  applications  are 
made. 

Identification  of  Significant  Design  Variables 

As  stated  in  the  section  on  methodology,  the  psychological  research 
worker  first  is  confronted  with  the  problem  of  clarifying  the  psycho¬ 
logical  problems  involved  in  equipment  design  and  in  determining 
"hich  design  variables  arc  important  from  the  human  point  of  view. 
The  identification  of  these  variables  is  the  first  objective  of  research. 
Characteristics  of  design  that  are  of  no  particular  importance  to  the 
human  operator  can  bo  decided  entirely  upon  the  basis  of  engineer¬ 
ing  considerations.  Variables  that  are  found  to  bo  important  for 
the  human  operator  should  be  studied  systematically  so  that  when 

equipment  is  designed  the  pertinent  data  on  human  requirements 
will  bo  available. 

Defining  the  Relationships  Between  Specific  Design  Variables  and  Operator 
Effectiveness 

Experimental  psychologists  will  agree  that  much  of  the  research  in 
psychology  has  been  concerned  with  establishing  qualitative  difler- 
•  cnees.  The  most  commonly  used  statistics  in  psychological  research 
aro  thoso  employed  in  testing  the  null  hypothesis.  In  the  field  of 
equipment  design,  however,  it  is  usually  not  sufficient  to  be  able  to 
say  that  one  design  is  preferable  to  another  or  that  a  statistically 
significant  difference  exists  between  two  alternative  designs.  Most 
engineering  problems  require  the  expression  of  psychological  find- 
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sng  in  quantitative  terms  and  the  determination  of  functional  rela¬ 
tionships  over  a  wide  range  of  conditions.  For  example,  it  is  not 
enough  to  know  that  the  legibility  of  instrument  dials  is  influenced 
by  the  size  of  the  dial;  it  is  necessary  to  know  how  accurately  dials 
of  various  sizes  can  be  read  and  to  express  quantitatively  the  speed 
and  accuracy  of  reading  for  a  continuous  range  of  dial  sizes.  The 
engineer  may  want  to  know  how  small  a  particular  dial  can  be  made 
and  a  man  still  be  able  to  discriminate  a  given  number  of  differences 
in  the  position  of  the  indicator  hand.  In  this  example,  as  in  many 
other  cases,  the  design  of  equipment  frequently  is  a  compromise 
between  many  conflicting  demands,  and  quantitative  data  over  a 
wide  range  of  conditions  are  required  if  the  most  intelligent  compro¬ 
mise  is  to  be  reached. 

A  further  objective  of  psychological  research  on  equipment  prob¬ 
lems  is  determination  of  the  extent  to  which  research  findings  can  be 
generalized.  It  is  important  not  only  to  determine  quantitative 
relationships  but  to  specify  precisely  the  types  of  equipment  or  situa¬ 
tions  to  which  these  relationships  apply. 

Application  of  Research  Findings  to  Engineering  Design  Problems 

Psychological  findings  can  bo  applied  at  different  stages  in  the 
design  and  production  of  equipment.  The  most  immediate  applica¬ 
tion  comes  in  the  modification  of  equipment  that  has  already  been 
built.  Application  at  this  level,  however,  not  only  is  expensive  but 
frequently  requires  retraining  of  individuals  who  have  already  learned 
to  use  the  older  equipment.  Therefore,  it  is  not  feasible  to  apply 
psychological  findings  at  this  stage  unless  sufficiently  important  results 
will  be  achieved  by  the  modification. 

Application  of  psychological  research  can  bo  mado  at  the  final 
assembly  or  mock-up  stage  where  various  finished  items  of  equipment 
are  being  assembled  into  a  complete  system.  Psychological  principles 
relating  to  the  layout  and  arrangement  of  complex  systems  of  equip¬ 
ment  can  bo  applied  with  great  benefit  at  this  stage. 

Psychological  findings  can  be  applied  to  the  redesign  of  prototypes 
of  specific  equipment  items.  Frequently  manufacturers  make  a  few 
models  of  a  new  item  and  subject  these  prototypes  to  preliminary  tests 
before  mass  production  is  started.  During  this  stage  it  is  possible  to 
change  the  equipment  as  a  result  of  psychological  findings.  However, 
only  limited  changes  are  possiblo  since  the  basic  design  of  the  equip¬ 
ment  has  already  been  fixed. 

Undoubtedly  the  most  important  point  of  application  of  psycho¬ 
logical  data  is  during  the  initial  designing  of  new  items  of  equipment. 
At  this  stage  the  engineer  has  much  greater  freedom  to  adopt  designs 
that  will  meet  psychological  requirements,  and  the  human  factor  can 
he  given  its  rightful  consideration.  Therefore,  the  primary  objective 
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of  psychologic*  1  research  on  equipment  design  should  be  to  provide 
information  which  can  be  used  by  the  engineers  who  are  engaged  in 
the  initial  design  of  equipment.  This  objective  often  requires  that 
psychologists  anticipate  problems  that  will  arise  in  the  development 
o!  new  equipment  and  that  they  have  the  answers  to  these  problems  in 
time  to  influence  the  initial  design. 

An  even  more  basic  application  of  psychological  findings  is  in 
determining  what  new  types  of  equipment  should  be  developed. 
Psychological  data  could  be  applied,  for  example,  in  determining  the 
kind  of  information  required  by  an  aircraft  pilot  in  carrying  out 
specified  operations.  Psychologically  one  of  the  primary  problems  of 
the  pilot  is  to  maintain  his  orientation  in  three-dimensional  space. 
Psychologists  should  bo  able  to  determine  the  minimum  amount  of 
information  that  a  pilot  must  have  in  order  to  remain  oriented  con¬ 
stantly,  and  to  determine  also  the  simplest  methods  of  displaying  this 
information  so  that  ho  can  fly  efficiently  without  any  outside  visual 
reference.  Knowledge  of  human  abilities  and  limitations  is  also 
needed  in  deciding  what  equipment  should  be  operated  by  the  pilot  and 
what  equipment  should  be  made  entirely  automatic. 

In  the  practical  application  of  research  findings  to  design  prob¬ 
lems  a  question  frequently  arises  ns  to  the  relative  importance  that 
should  bo  attached  to  different  criteria.  The  following  are  ex¬ 
amples  of  such  questions :  Should  displays  be  designed  for  use  dur¬ 
ing  normal  or  during  emergency  flight  conditions?  What  relative 
importance  should  bo  attached  to  speed  and  what  importance  to 
accuracy  data?  The  answers  to  such  questions  more  often  involve 
judgment  of  relative  values  than  an  application  of  existing  infor¬ 
mation.  For  a  further  discussion  of  objectives  of  psychological 
research  on  aviation  equipment  design  the  reader  is  referred  to  a 
previous  nrticlo  by  the  writer  (4). 

ORGANIZATION  OF  THE  PRESENT  VOLUME 

It  will  bo  apparent  to  the  reader  that  the  present  report  introduces 
a  program  of  research  in  a  new  field  of  psychology.  The  chapters 
which  follow  contain  discussions  of  research  problems  and  objec¬ 
tives  and  reports  of  17  separate  research  projects.  Fifteen  of  the 
chapters  reporting  specific  research  projects  were  prepared  by  present 
or  past  stair  members  of  the  Psychology  Branch  at  the  Aero  Medical 
Laboratory  and  two  by  former  staff  members  of  the  Department  of 
Psychology  at  the  A AF  School  of  Aviation  Medicine. 

Chapters  2  and  3  contain  comprehensive  discussions  of  research 
problems  and  suggestions  for  programs  of  research  in  the  two  most 
important  areas  of  equipment  design.  These  chapters  cover  percep¬ 
tual  problems  and  human  motor-abilities  problems  in  relation  to 
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jesifrn  of  equipment.  The  research  reports  which  make  up  the  ma¬ 
jor  portion  of  the  volume  will  give  the  best  introduction  of  all  to 
problems  of  research  on  equipment  design.  Some  of  these  reports 
are  preliminary  in  nature  and  represent  the  results  of  an  initial  at¬ 
tack  on  a  new  problem.  It  is  believed  that  all  of  the  research  studies, 
although  oriented  in  terms  of  more  or  less  practical  problems  of 
equipment  design,  make  a  contribution  to  the  methodology  and  body 
of  scientific  knowledge  of  psychology. 
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CHAPTER  TWO _ _ _ 

Survey  of  Display  Problems  in  the 
Design  of  Aviation  Equipment 

Walter  P.  Grether 


INTRODUCTION 

In  the  field  of  equipment  design  the  term  “display*’  has  come  into 
common  usage  as  meaning  any  method  of  providing  information  which 
cannot  be  obtained  directly  through  the  sense  organs*  In  Hying,  par¬ 
ticularly  under  instrument  conditions,  very  little  of  the  essential 
information  about  the  attitude,  performance,  and  location  of  the  air¬ 
plane  can  be  directly  perceived,  and  that  which  can  be  perceived  is 
often  erroneous  or  inaccurate.  The  kinesthetic  sensations,  for  ex¬ 
ample,  are  notoriously  misleading  as  indicators  of  the  attitude  in 
space,  and  must  be  deliberately  ignored  by  the  pilot  in  favor  of  visual 
displays  of  the  airplane’s  attitude  on  the  flight  instruments.  Infor¬ 
mation  regarding  the  direction  of  flight,  air  speed,  condition  of  the 
engines,  fuel  supply,  and  many  other  things  is  likewiso  registered  on 
visual  indicators.  Displays  are  by  no  means  limited  to  the  visual 
sense,  however,  since  hearing  and,  to  a  lesser  extent,  the  kinesthetic  and 
tactual  senses  are  also  employed  to  transmit  information  to  the 
aviator. 

There  are  few,  if  any,  situations  where  the  human  being  is  provided 
with  such  a  variety  of  displays  to  which  the  appropriate  reactions  must 
be  made  as  quickly  and  accurately  as  in  the  airplane.  Likewise* there 
are  probably  no  other  common  situations  where  failure  to  react  cor¬ 
rectly  to  the  displayed  information  can  loud  to  such  serious  conse¬ 
quences.  Thus,  the  achievement  of  maximum  efficiency  in  methods 
of  display  in  aviation  is  a  goal  which  should  need  no  elaboration. 

The  actual  display  problems  in  aviation  arc  as  numerous  as  the 
devices  and  instruments  used  to  convey  information  to  human  beings 
in  any  way  working  with  aircraft,  either  in  the  air  or  on  tho  ground. 
In  this  chapter,  however,  the  discussion  of  problems  will  bo  limited 
primarily  to  the  equipment  used  in  actual  flight  or  on  tho  ground  to 
control  aircraft  in  flight.  Such  equipment  may  be  grouped  into  sev- 
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eral  major  categories:  (1)  instruments  of  all  types  used  to  present 
primarily  quantitative  data;  (2)  visual  and  auditory  warning  de¬ 
vices;  (3)  radar  and  television  scopes;  (4)  gun  and  bomb  sights;  (5) 
tables,  graphs,  check  lists,  computers,  plotters,  and  maps;  (6)  identi¬ 
fication  marks  and  operating  instructions  on  controls  and  miscellane¬ 
ous  equipment;  (7)  radio  navigation  aids,  radio  voice  communica¬ 
tion  and  interphone  systems;  (8)  signal  flares,  airway  beacons,  and 
runway  lights;  (9)  miscellaneous  cues,  such  as  flight-control  pressures, 
control-knob  shapes,  engine  noise,  and  vibration. 

Not  all  of  the  multitude  of  equipment  items  covered  by  this  listing 
can  lie  considered  as  problems  for  research  in  equipment  design.  In 
many  cases  excellent  and  successful  display  methods  arc  already  in 
use.  In  other  cases,  the  nature  of  the  equipment  is  such  that  even  a 
crude  method  of  display  accomplishes  the  purpose.  There  are  many 
types  of  equipment,  on  the  other  hand,  about  which  there  is  consid¬ 
erable  disagreement  over  the  best  method  of  presenting  information, 
or  concerning  which  records  of  operator  errors  indicate  the  need  for 
improvement.  It  is  toward  basic  problems  in  the  design  of  equip¬ 
ment  of  this  latter  type  that  psychological  research  is  being  directed. 
In  the  psychological  study  of  aviation  display  methods,  with  the  aim 
toward  their  improvement,  it  is  helpful  to  group  the  existing  prob¬ 
lems  in  terms  of  psychological  research  areas  rather  than  types  of 
equipment.  The  ensuing  portions  of  this  chapter  are  therefore  classi¬ 
fied  into  sections  on  sensory  discrimination,  attention-getting  value, 
and  similar  psychological  categories. 

The  discussion  which  follows  is  intended  not  as  a  complete  cata¬ 
loging  of  the  psychological  research  problems  in  the  field  of  aviation 
displays.  It  is  intended,  rather,  to  illustrate  the  nature  of  problems 
which  exist  and  to  point  out  the  kinds  of  research  investigations 
which  should  be  most  fruitful.  Although  no  attempt  is  made  to  in¬ 
clude  a  comprehensive  review  of  the  research  literature  which 
applies  to  the  problems  mentioned,  occasional  references  are  included 
to  studies  which  are  particularly  pertinent. 

SENSORY  DISCRIMINATION 

All  types  of  displays  must,  of  course,  involve  sensory  discrimina¬ 
tion  in  some  form,  but  in  most  instances  the  stimuli  to  be  differen¬ 
tiated  greatly  exceed  the  threshold  requirements.  "Where  difficul¬ 
ties  exist,  they  arc  usually  in  the  interpretation  of  the  stimuli  rather 
than  their  differentiation.  Nevertheless,  there  are  a  considerable 
number  of  situations  where  sensory  discrimination  constitutes  the 
basic  problem. 

Sensory  Adaptation 

During  night  operations  it  is  usually  necessary  to  maintain  the 
best  possible  visibility  of  outside  objects  while,  at  the  same  time, 
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preserving  the  effectiveness  of  visual  displays  within  the  airplane. 
This  is  the  familiar  problem  of  dark  adaptation  for  which  the  major 
governing  principles  are  already  well  known  and  for  which  solutions 
already  are  available  in  terms  of  cockpit  lighting.  Adaptation  of 
the  retinal  rods  can  bo  preserved  best  by  using  dimly  illuminated 
red  markings  in  the  cockpit.  This  can  bo  done  with  red  floodlighting, 
red  indirect  lighting,  or  with  ultraviolet  light  projected  upon  reddish 
fluorescent  markings.  Although  such  systems  arc  successful  in  pre¬ 
serving  dark  adaptation,  their  use  brings  in  other  problems  of  main¬ 
taining  objects  within  the  cockpit  sufficiently  above  the  threshold  to 
be  adequately  visible. 

A  somewhat  different  problem  of  visual  adaptation  arises  in  the 
use  of  radar  and  television  scopes  on  which  the  maximum  brightness 
of  the  image  is  limited.  In  some  situations  the  operator  is  required 
to  shift  his  fixation  from  brightly  illuminated  objects  to  a  dimly  lit 
scope,  and  vice  versa.  Very  often  this  shift  must  also  bo  accom¬ 
panied  by  a  radical  change  in  accommodation  of  the  lens  of  the  eye. 
The  resulting  eye  strain,  loss  of  time,  and  added  chance  for  erroneous 
scope  readings  is  obviously  undesirable. 

Color,  Brightness,  and  Pattern  Discrimination 

Numerous  situations  exist  in  which  discriminations  of  color,  bright¬ 
ness,  or  pattern  differences  play  a  major  role.  Early  in  the  war,  for 
example,  it  was  found  that  at  a  distance  the  insignia  on  American 
planes  were  easily  confused  with  those  on  Japancso  planes.  This 
problem  was  solved  by  adding  a  bar  to  the  American  star  and  circle. 
Similar  problems  arise  wherever  identification  marks  or  signals  must 
bo  noticed  and  correctly  perceived  at  great  distances.  Maps,  control 
knobs,  cargo  parachutes,  navigation  lights,  signal  flares,  and  warning 
lights  are  other  examples  of  the  use  of  brightness,  color,  and  pattern 
differences  to  provide  essential  information.  To  meet  tho  problem 
of  achieving  maximum  visual  differentiation  in  such  equipment,  the 
iarge  amount  of  available  visual  data  can  often  be  applied  success¬ 
fully,  although  actual  field  tests  are  desirable  as  final  proof  of  tho 
successful  application  of  known  gencrnl  principles. 

A  somewhat  related  visual  discrimination  problem  arises  in  tho 
identification  of  targets  or  other  data  on  radar  and  television  scopes. 
Because  of  static  and  other  imperfections  in  the  scope  image,  tho 
critical  pip  or  blip  may  be  so  near  the  visual  threshold  that  it  will 
pass  unnoticed,  particularly  if  the  operator  is  not  maximally  alert 
and  prepared  for  the  stimulus.  In  this  case,  the  possiblo  methods 
of  increasing  the  discriminability  in  the  imago  would  seem  to  bo  (1) 
improvements  in  image  definition,  (2)  selection  of  optimum  imago 
brightness  and  color,  (3)  selection  of  optimum  scanning  rates,  and 
(4)  selection  of  optimum  scope  size. 


* 


23 


Auditory  Discrimination 

Auditory  *h-»  ninimUmn  pluy-v  an  important  role  tn  the  use  of  some 
tjpes  of  equipment,  jisrtiuilurly  in  radio  and  interphone  systems. 
TIjo  umhr -finding  «f  ‘jHtrh,  code,  or  radio-beam  signals  is  often 
diflUuU  be*  m-e  of  imperfect  fuii«ti«*uing  of  the  equipment, 

and  the  high  noi-c  bw-l  uiiliin  aircraft.  Improvement  of  auditory 
dtsiritiiiuation  can  be  brought  about  in  a  number  of  ways,  such  &s 
(1)  training  in  method’*  of  -{waking  and  in  *  huice  of  words  (2);  (2) 
shielding  «f  head  refs;  (A)  increase  in  fidelity  of  renmd  reproduction; 
(4)  use  of  «f*rtaiii  kinds  of  electronic  distortion  (6);  and  (3)  selection 
of  code  and  radio  range  Mguals  of  maximum  diheriininability.  The 
evaluation  of  smb  modification*.  hi  the  tquipment  or  operating  tech¬ 
niques  requires  actual  perfortnamc  inm|uriHirH  hy  means  of  stand¬ 
ard  psychological  techniques. 

Tactual  and  Kinesthetic  Discrimination 

Tactual  ami  kine-thetir  discriminations  are  involved  in  several  types 
of  av  iation  equipment.  Pressure  on  the  flight  controls  is  used  by  the 
pilot  as  a  cue  in  flying  the  airplane.  Likewise,  the  shapes  and  loca¬ 
tions  of  control  knobs  aid  the  pilot,  radar  operator,  and  bombardier 
in  nnnvisual  identification  of  controls.  Because  of  the  dose  relation 
to  motor  performance,  such  discrimination  is  considered  as  a  phase 
of  control  problems  discussed  in  chapter  3.  Some  research  in  tins 
area  is  reported  in  chapters  13, 14, 15,  and  18. 

ATTENTION-GETTING  VAbUg 

Although  closely  related  to  sensory  thresholds,  the  attention-getting 
value  of  aviation  displays  constitutes  a  fairly  distinct  area  of  research. 
The  greater  the  extent  to  which  a  stimulus  exceeds  the  sensory 
threshold,  the  more  likely  it  is  to  be  noticed.  However,  there  are 
factors  besides  mere  extent  above  threshold  which  determine  the 
attention-getting  value  of  a  stimulus. 

Attention-getting  value  is  of  primary  concern  in  the  design  of 
various  warning  devices,  although  it  is  often  difficult  to  distinguish 
lietwcen  a  purely  warning  device  and  nn  instrument.  Readings  on 
most  instruments,  if  outside  normal  limits,  constitute  warnings  of 
impending  danger.  For  (hi*,  reason  the  practice  has  arisen  of  placing 
colored  marks  on  instrument  faces  to  indicate  tolernnec  rnnges  for 
several  operating  conditions.  Other  displays,  however,  serve  purely 
as  warnings  of  emergency  conditions,  and  usually  use  lights  or  sounds 
as  stimuli. 

Although  considerable  data  are  available  on  the  stimulus  factors 
which  determine  attention-getting  value,  additional  studies  are  re¬ 
quired  in  simulated  flight  situations.  Tho  most  helpful  research 
studies  in  this  field  would  scorn  to  be  the  following:  (1)  relative 
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attention-getting  value  of  various  changes  in  visual  stimulation, 
presented  with  degree  of  contrast,  area,  and  distance  from  the  major 
fixation  point  equalized;  (2)  effectiveness  of  visual  warning  stimula¬ 
tion  as  a  function  of  location  of  the  stimulus  with  respect  to  the  area 
of  major  fixation  for  the  best  types  of  stimulus  change,  other  factors 
being  held  constant;  (3)  effectiveness  of  warning  stimulation  as  a 
function  of  color  differences  for  the  best  types  of  stimulus  change, 
other  factors  being  held  constant;  (4)  relative  attention-getting  value 
of  several  changes  in  auditory  stimulation  presented  to  subjects  wear¬ 
ing  headphones  (but  not  presented  through  headphones)  under  con¬ 
ditions  simulating  noise  levels  occurring  during  flight;  (5)  relative 
effectiveness  of  warning  stimuli  in  several  sensory  modalities;  (C) 
effectiveness  of  warning  devices  as  a  function  of  the  number  of  similar 
devices  present;  (7)  methods  of  differentiating  among  various  types 
of  warnings  and  indicating  the  response  to  be  made;  (8)  comparison 
of  tolerance  marks  on  instillment  dials  with  other  types  of  warning 
signals. 

LEGIBILITY 

Legibility,  like  attention-getting  value,  is  in  many  respects  merely 
a  special  problem  in  sensory  thresholds.  But  since  it  represents  a 
rather  distinct  area  of  psychological  research,  namely,  the  speed  and 
accuracy  of  reading  printed  materials,  it  is  given  separate  treatment, 
A  large  number  of  research  data  on  legibility  are  available  in  psy¬ 
chological  literature  (7).  Some  additional  data  are  required,  how¬ 
ever,  for  the  particular  problems  of  legibility  which  are  unique  to 
aviation.  Some  of  the  more  significant  problems  in  this  area  for 
psychological  research  are  as  follows:  (1)  print  size  requirements 
for  a  variety  of  specific  aviation  conditions;  (2)  style  of  letters  and 
digits  which  are  differentiated  most  easily  and  are  least  likely  to  bo 
confused  when  rotated  from  the  normal  position;  (3)  speed  and 
accuracy  of  dial  readings  as  a  function  of  dial  sizo;  (4)  speed  and 
nccurncy  of  dial  readings  ns  a  function  of  spacing  of  dial  graduations; 
(5)  speed  and  accuracy  of  dial  readings  ns  a  function  of  shape  and 
sizo  of  pointer  and  shapo  and  size  of  scale  graduations.  For  some 
preliminary  research  data  on  this  problem,  sec  chapter  7. 

INTERPRETABILITY 

Even  though  a  display  may  be  excellently  designed  with  respect  to 
sensory  differentiation,  attention-getting  value,  and  legibility  of  the 
print  and  scale  markings,  the  operator  may  still  fail  to  react  quickly 
and  in  a  manner  that  is  appropriate  to  the  displayed  information. 
This  factor  in  the  design  of  displays,  for  lack  of  a  belter  term,  has  boon 
labeled  “interpretabiJity.”  Of  all  the  difficulties  encountered  in  the 
designing  0f  adequate  aviation  displays,  this  is  probably  the  most 
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serious  and  the  most  elusive.  The  psychological  principles  which 
govern  interpretability  appear  to  be  relatively  unknown,  and  this 
would  seem  to  be  one  of  the  most  challenging  areas  of  psychological 
research  in  equipment  design.  As  an  aid  to  the  discussion  of  problems 
in  this  area,  pictures  of  some  of  the  instruments  to  bo  discussed  are 
shown  in  figure  2.1. 

Graduated  Scales 

An  interpretability  problem  which  is  common  to  many  displays  is 
the  design  of  graduated  scales  used  on  instruments,  computers,  and 
other  devices.  There  are  many  ways  in  which  scales  can  be  varied, 
among  them  (1)  graduation  intervals  (usually  1,  2,  or  5  units),  (2) 
differentiation  among  graduations  (usually  by  length  or  width  of 
line),  (3)  intervals  between  numerals,  and  (4)  method  of  indicating 
shift  in  graduation  values  on  nonlinear  scales.  Suitable  research  on 
these  variables  should  provide  general  principles  which  can  be  applied 
in  designing  a  dial  for  any  specific  purpose. 

A  unique  scale  design  problem  has  been  noted  in  the  Weems  naviga¬ 
tion  plotter,  where  the  protractor  scale  increases  from  right  to  left 
instead  of  in  the  conventional  direction.  For  a  more  detailed  dis¬ 
cussion  of  this  problem  and  research  applied  to  it  see  chapter  5. 

Linear  vs.  Circular  Instrument  Scales 

The  scales  on  aircraft  instruments  are  almost  universally  circular. 

It  has  been  suggested  that  many  types  of  quantitative  values  would 
be  more  easily  interpreted  on  linear  scales  in  either  the  vertical  or 
„  horizontal  plane,  depending  on  the  type  of  data  being  presented. 

There  has  apparently  been  no  research  comparing  the  relative  ease 
of  intei  preting  circular  and  linear  scales  on  aircraft  instruments. 

Dial  vs.  Counter  Type  Instruments 

Another  suggestion  which  lias  been  made  frequently  for  improve¬ 
ment  of  aircraft  instruments  is  that  the  dial  and  pointer  bo  replaced 
with  a  countei  type  of  indicator  from  which  the  numerical  value  can 
be  read  diicctly.  Although  this  should  eliminate  many  errors,  the 
reading  of  actual  numbers  may  in  some  cases  require  more  time  than 
the  mere  checking  of  the  position  of  a  pointer  on  a  dial.  The  writer 
is  not  aware  of  any  research  showing  the  relative  merits  of  these  two 
types  of  display  as  aviation  instruments. 

Graphs  vs.  Tables 

Many  items  of  information  for  use  in  cruise  control,  navigation, 
and  bombing  arc  supplied  in  the  form  of  graphs  or  tables.  Many 
errors  are  known  to  occur  in  the  use  of  these,  and  the  extraction  of 
(he  necessary  data  may  require  excessive  time.  There  are  doubtless 
many  improvements  possible  in  the  manner  in  which  graphs  and 
charts  are  made  up.  Furthermore,  there  is  little  known  about  the 
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ri«CRB  2.1. — Front  view  of  eight  standard  aircraft  flight  instruments. 


relative  merits  of  graphs  versus  tables  for  specific  purposes.  For 
further  discussion  of  this  problem  and  some  experimental  data,  see 
chapter  4. 

Labels 

There  are  many  items  of  aviation  equipment  on  which  there  are 
printed  labels  and  rudimentary  operating  instructions.  In  some  cases 
the  equipment  is  for  emergency  use  only,  and  it  is  highly  important 
that  the  instructions  be  brief  and  easily  understood.  The  choice  of 
words  in  such  displays  is  very  critical.  Although  it  might  be  difficult 
to  derive  general  principles  to  cover  such  labeling  problems,  psycho¬ 
logical  research  could  doubtless  make  some  contributions. 

Special  Instrument  Problem* 

Many  instruments  used  in  aircraft  present  unique  problems  of  in¬ 
terpretation.  In  some  of  these  instruments  the  primary  problem  is  in 
the  direction  of  movement  of  the  moving  element.  These  will  be  dis¬ 
cussed  in  the  following  section  on  “Relation  of  Indicator  to  Control 
Movement.”  One  instrument  which  presents  a  unique  problem  is  the 
clock  or  watch  used  by  the  aviator.  In  military  usage,  time  is  expressed 
on  a  24-hour  basis,  without  a.  m.  and  p.  m.  to  differentiate  between 
before  and  after  noon.  Thus,  3 : 47  p.  m.  becomes  1547  in  military  time. 
The  reading  of  military  time  from  a  conventional  clock  thus  involves 
a  mental  addition  process.  But  clocks  with  24-liour  dials,  designed 
for  reading  directly  in  military  time,  produce  interference  with  firmly 
established  clock-reading  habits.  For  further  discussion  and  research 
data  on  this  particular  problem,  the  reader  is  refered  to  chapter  6. 

Another  instniment  which  presents  an  interpretation  problem  is  the 
altimeter  (see  fig.  2.1),  which  covers  the  altitude  range  in  20-foot 
steps.  This  is  usually  done  with  three  pointers  on  a  single  scale.  The 
first  pointer  indicates  feet  of  altitude  in  hundreds,  the  second  in 
thousands,  and  the  third  in  ten-thousands.  The  synthesis  of  these 
three  pointer  readings  is  very  confusing  to  the  novice.  Moreover,  the 
altimeter  includes  another  scale  for  setting  in  barometric  pressure, 
which  is  expressed  in  inches  of  mercury  rather  than  pressure  altitude 
in  feet.  Some  simplified  method  of  indicating  altitude  and  barometric 
pressure  would  be  desirable. 

Combining  of  Instruments 

The  whole  array  of  instruments  which  the  pilot  faces  is  in  itself  a 
serious  problem.  Under  some  flight  conditions  it  is  virtually  im¬ 
possible  to  read  and  synthesize  all  the  information  displayed.  To  make 
the  problem  more  pressing,  new  instruments  are  continually  being 
developed  winch  arc  added  to  the  instrument  panel  without  others 
being  removed.  To  solve  this  dilemma  it  would  seem  desirable  to 
determine  which  instrumental  indications  are  most  necessary  and 
then  to  find  the  most  simple,  natural,  and  direct  methods  of  displaying 
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this  information  in  the  optimum  area  of  the  instrument  panel.  .The 
instruments  of  lesser  importance,  if  they  cannot  be  eliminated  entirely, 
might  then  be  located  in  less  conspicuous  positions  where  they  can  be 
read  if  necessary. 

There  arc  a  number  of  current  trends  toward  the  combining  of 
displays  into  single  instruments.  This  would  seem  desirable  provided 
the  indications  are  simple  and  natural.  There  is  one  danger,  however, 
in  carrying  this  trend  too  far.  It  is  claimed  that  continued  fixation  on 
one  instrument  often  induces  a  hypnotic  state  which  may  seriously 
impair  the  pilot’s  general  alertness. 

Radar  Scope* 

Problems  of  interpretation  also  arise  in  the  use  of  radar  scopes. 
The  image  on  the  scope  has  only  slight  resemblance  to  the  actual  land¬ 
scape,  or  photograph  of  it,  which  is  represents.  The  relative  bright¬ 
ness  of  objects  is  often  reversed,  details  are  less  clear,  the  proportions 
may  be  distorted,  and  the  three  planes  of  space  may  be  differently 
presented.  In  some  applications  it  is  necessary  to  present  three- 
dimensional  space  on  a  two-dimensional  surface.  All  three  dimensions 
can  be  represented  at  present  with  two  separate  scope  images,  but  this 
introduces  possible  confusion  of  range  with  either  azimuth  or  elevation. 
One  type  of  radar  scope  presentation  (B-scope)  causes  gross  distortion 
of  the  terrain  presented.  For  a  report  on  the  relative  interpretability 
of  this  type  of  scope,  see  chapter  11. 

RELATION  OF  INDICATOR  TO  CONTROL  MOVEMENT 
Simple  Quantitative  Instruments 

A  considerable  proportion  of  the  instruments  used  in  aircraft  re¬ 
spond  directly  or  indirectly  to  control  manipulations.  Some  of  these, 
such  ns  temperature  gages,  are  unrelated  to  the  attitudinal  movements 
of  tlie  plane.  It  would  seem  desirable  for  the  direction  of  movement 
on  such  instruments  to  have  the  most  direct  and  natural  relation  to  the 
movement  of  the  control  which  affects  it.  Research  is  needed  to  de¬ 
termine  what  are  the  most  natural  or  habitual  relationships  between 
control  and  indicator  movements.  Additional  variables  to  be  included 
in  such  research  would  be  (1)  the  spatial  location  and  plane  of  move¬ 
ment  of  the  control  with  reference  to  the  instrument;  (2)  the  form  of 
the  control  (whether  an  unstructured  or  pointed  knob,  a  switch,  or 
a  lever) ;  and  (3)  the  meaning  of  the  graduations  on  the  instrument. 
Some  experimental  data  on  this  problem  are  presented  in  chapters  9, 
10  and  17. 

Flight  Instrument* 

In  tho  so-called  “flight  instruments’  there  is  an  additional  major 
variable  in  this  dircction-of-movement  problem.  That  is  the  move¬ 
ment  of  the  airplane  which  the  display  indicates.  Here  it  is  im- 
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portant  to  achieve  the  most  natural  combination  of  indicator  move¬ 
ment  and  control  movement  in  relation  to  the  response  of  the  airplane. 
This  problem  can  bo  illustrated  by  reference  to  a  number  of  current 
instruments  (see  fig.  2.1).  The  pointer  on  the  rate-of-climb  indi¬ 
cator  moves  down  when  the  plane  is  nosed  downward  by  pushing 
the  stick  or  control  wheel  forward,  and  vice  versa.  The  pointer  on 
the  tum-and-bank  indicator  moves  to  the  left  when  the  plane  is  turned 
to  the  left  by  application  of  pressure  on  the  left  rudder.  In  these 
examples  the  indicator  and  the  airplane  can  bo  said  to  move  in  the 
direction  in  which  the  controls  are  displaced.  Other  instruments, 
however,  move  in  the  opposite  direction.  On  the  artificial  (gyro) 
horizon,  the  horizon  bar  moves  up  (with  reference  to  the  instalment 
panel)  when  the  plane  is  nosed  down  and  rotates  to  the  right  when 
the  plane  banks  to  the  left.  The  pilot  director  indicator,  used  in 
bombing,  when  displaced  to  the  right,  signals  to  the  pilot  that  he  is 
to  turn  to  the  right.  But  as  he  turns  to  the  right,  the  indicator  moves 
to  the  left.  On  the  cross  pointer,  or  localizer  glide-path  indicator, 
used  for  blind  landings,  the  pointers  indicate  the  direction  of  the  cor¬ 
rect  flight  path  from  the  airplane.  Thus,  for  example,  as  the  pilot 
noses  the  plane  downward  the  pointer  moves  upward,  in  a  direction 
opposite  to  the  control  being  made.  It  would  seem  desirable,  where 
possible,  to  eliminate  these  apparent  inconsistencies  in  direction  of 
indicator  movements.  Before  this  is  done,  however,  research  must 
show  which  movement  relationships  are  most  satisfactory.  In  two 
studies  of  the  artificial  horizon  a  reversal  of  the  existing  movement 
relationships  was  found  to  be  superior  (3).  See  also  chapter  8. 

Frame  of  Reference 

The  problem  of  direction  of  movement  is  not  actually  as  simple 
as  the  preceding  discussion  would  imply.  There  are  often  special  cir¬ 
cumstances  to  be  considered.  On  the  pilot’s  magnetic  compass  and 
the  directional  gyro  indicator,  the  cylindrical  card  bearing  the  scale 
and  degree  markings  moves  toward  the  same  side  as  the  plane  is  turn¬ 
ing.  But  this  is  confusing  since  the  true  compass  directions  are  dis¬ 
placed  180°  on  tho  card,  as  is  necessary  for  viewing  the  card  from 
the  hack.  On  the  conventional  compass  and  directional  gyro,  further¬ 
more,  it  is  possible  to  consider  tho  lubber  line  as  being  tho  moving 
element  rather  than  the  card.  On  the  artificial  horizon  the  small 
reference  plane,  rather  than  the  horizon  bar,  must  bo  considered  as 
Mng  the  moving  element  if  correct  sensing  is  to  bo  achieved.  Ac¬ 
tually,  in  terms  of  the  earth  below,  the  lubber  lino  on  tho  compass 
and  the  reference  airplane  on  tho  artificial  horizon  are  the  moving 
elements.  In  the  visual  bomb  sight  an  image  of  the  terrestrial  target 
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is  moved  under  :i  pair  of  cross  hairs  which  remain  fixed  in  the  visual 
field.  Some  bombardiers  consider  themselves  to  be  moving  the  cross 
hairs,  others  to  be  moving  the  target. 

The  direction  of  movement  problem  is  thus  complicated  consider¬ 
ably  by  the  operator's  frame  of  reference  while  performing  the  control 
task.  To  specify  the  optimum  direction  of  movement  in  any  given 
display  will  thus  require  an  understanding  of  what  the  operator  uses 
as  his  frame  of  reference.  The  Gestalt  principles  governing  figure- 
ground  relationships  should  be  tested  for  application  to  this  problem. 

DIRECTIONAL  ORIENTATION 

The  use  of  compass  directions  is  basic  to  all  forms  of  navigation, 
whether  by  the  navigator,  pilot,  or  radar  operator.  The  bombardier 
must  also  use  compass  directions  in  identifying  his  target  and  con¬ 
trolling  the  bombing  run.  In  the  air  most  of  the  usual  cues  for  main¬ 
taining  directional  orientation  arc  lacking,  and  complete  reliance 
must  he  placed  on  instruments.  There  is  considerable  uncertainty 
about  the  instrument  designs  for  most  effective  presentation  of  direc¬ 
tional  information. 

Thero  is,  for  example,  disagreement  regarding  the  optimum  design 
of  the  remote-indicating  type  of  magnetic  compass,  where  directions 
are  presented  on  a  dial.  There  are  a  number  of  possible  arrange¬ 
ments:  (1)  the  dial  may  be  fixed,  with  North  at  the  top;  (2)  there 
may  be  a  fixed  lubber  line  at  the  top,  with  the  dial  rotating  behind  it; 
G!)  the  dial  may  be  adjustable  by  the  pilot  so  that  he  can  set  his 
compass  course  at  the  top,  with  the  pointer  indicating  his  heading 
'\:*h  reference  to  the  dial;  (4)  the  dial  may  be  fixed,  with  one  pointer 
used  to  indicate  the  desired  course  and  another  to  indicate  the  actual 
heading  (as  in  fig.  2.1).  No  doubt  still  other  arrangements  are 
possible.  Actual  performance  measurements,  with  different  methods 
of  indicating  direction,  will  be  necessary  to  determine  the  relative 
merits  of  tho  various  possible  designs. 

Similar  directional  orientation  problems  arise  with  equipment  used 
by  the  navigator,  bombardier,  and  radar  operator.  Some  air-borne 
radar  equipment  is  provided  with  azimuth  stabilization  which  keeps 
North  at  the  top  of  the  scope  image,  regardless  of  the  direction  of 
flight.  The  same  type  of  directional  orient ntion  of  the  visual  field 
may  be  possible  in  periscopic  bomb  and  gun  sights.  There  are  prob¬ 
ably  some  situations  in  aviation  where  such  azimuth  stabilization  is 
helpful,  but  there  has  been  no  adequate  determination  of  which  situa¬ 
tions  those  might  be.  Probably  the  direction  in  which  the  operator 
faces  with  reference  to  the  direction  of  flight  is  an  important  variable 
in  this  problem. 
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INFLUENCE  OF  ENVIRONMENTAL  CONDITIONS 

The  aviator  is  exposed  to  a  variety  of  atypical  environmental  con¬ 
ditions.  Some  of  these,  such  as  extremes  of  illumination  and  vibra¬ 
tion,  have  a  direct  influence  on  the  effectiveness  of  a  display.  Other 
environmental  influences,  such  as  lowered  oxygen  pressure  at  altitude, 
do  not  influence  the  display  itself  but  may  reduce  the  ability  of  the 
operator  to  use  a  display.  This  loss  may  be  cither  in  ability  to  inter¬ 
pret  the  display  or  in  ability  to  perform  the  appropriate  control  move¬ 
ments.  It  is  with  these  environmental  effects  on  the  operator,  rather 
than  on  the  display,  that  this  section  is  concerned.  It  is  important 
to  identify  and  measure  these  effects  of  the  environment  so  that  suit¬ 
able  corrective  steps  may  be  undertaken.  In  the  past,  most  of  the 
work  in  this  field  has  been  carried  out  by  physiologists,  probably 
because  the  physiological  effects  of  the  environment  are  more  easily 
identified  and  measured.  During  the  war,  however,  a  number  of 
psychologists  cooperated  with  physiologists  in  such  studies,  partic¬ 
ularly  on  anoxia. 

Anoxia 

The  deleterious  effect  on  human  efficiency  of  reduced  oxygen  pres¬ 
sure  with  increase  of  altitude  has  long  been  recognized.  For  moderate 
altitudes  this  problem  has  been  solved  by  the  use  of  oxygen  masks  and 
pressurized  cabins.  The  prevention  of  anoxia  at  extreme  altitudes 
to  be  flown  in  future  planes  is  a  problem  not  yet  solved.  One  of  the 
earliest  and  most  serious  effects  of  anoxia  is  known  to  be  reduced 
effectiveness  of  visual  discrimination  and  visual  perception. 
Acceleration  (G) 

As  the  accelerative  or  G  forces  encountered  in  maneuvering  aircraft 
are  increased,  resulting  in  disturbance  of  the  normal  distribution  of 
blood  to  the  brain  and  other  parts  of  the  body,  there  is  known  to  be 
first  a  narrowing  of  the  visual  field,  then  complete  loss  of  vision,  then 
loss  of  hearing,  and  finally  loss  of  consciousness.  Effects  are  some¬ 
what  different  for  positive  G  (head  to  foot)  and  for  negative  G  (foot 
to  head).  Human  tolerance  to  G  can  be  increased  somewhat  by  the 
G  suit  and  by  voluntary  muscular  contractions,  both  of  which  resist 
the  flow  of  blood  away  from  the  upper  part  of  the  body.  It  is  not 
known  what,  if  any,  losses  occur  in  sensory  and  interpretive  processes 
at  G  levels  below  those  necessary  to  produce  narrowing  of  the  visual 
field.  Research  is  needed  to  show  whether  or  not  such  losses  occur 
and  whether  there  is  a  selective  effect  on  different  perceptual  processes, 
?o  that  equipment  or  tactics  can  be  modified  if  necessary.  Results 
also  may  have  important  implications  for  an  understanding  of  cere¬ 
bral  functions.  For  some  experimental  results  in  this  area  see  chap¬ 
ter  20. 
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Faligne  .  .  . 

The  piloting  of  aircraft  on  long  flights,  while  causing  subjective 
feelings  of  fatigue,  is  believed  also  to  muse  an  increased  tendency 
toward  pilot  error.  One  of  the  most  difficult  operations  in  flying, 
landing  under  instrument  conditions,  is  often  required  of  the  pilot 
at  the  end  of  a  long  flight  when  his  proficiency  is  probably  lowest 

Fatigue,  whether  in  aviation  or  other  situations,  is  a  condition  which 
is  poorly  understood.  In  the  case  of  physical  exertion  the  cause  of 
fatigue  can  be  reasonably  well  identified.  The  causes  of  the  fatigue 
experienced  by  the  pilot  are  much  less  specific.  Probably  the  high 
degree  of  concentration  required  by  the  task,  inability  to  move  around, 
the  inherent  danger,  the  noise,  vibration,  and  extremes  of  temperature, 
and  the  monotony  are  all  contributing  factors.  The  effects  of  long 
flights  on  the  pilot’s  efficiency  in  performing  his  duties  have  likewise 
not  been  determined.  The  psychological  effects  of  fatigue  are  very 
elusive  when  subjected  to  experimental  study.  When  a  fatigued  sub¬ 
ject  is  placed  in  a  test  situation  he  seems  to  be  able  temporarily  to 
counteract  the  effects  of  the  fatigue  on  the  performance  being  meas¬ 
ured.  Thus,  the  objective  record  fails  to  reveal  any  loss  of  efficiency. 
Two  British  investigators,  who  carried  out  research  on  fatigue  during 
(he  war  (4,  5),  suggested  that  the  actual  losses  caused  by  fatigue  are 
not  so  much  in  ability  to  perform  the  primary  task  as  in  more  subtle 
aspects  of  behavior;  namely:  (1)  a  lowering  of  standards  for  per¬ 
formance  of  the  task;  (2)  a  tendency  to  respond  to  single  instruments 
rather  than  the  situation  as  displayed  by  the  entire  instrument  panel; 
(3)  failure  to  attend  to  instruments  not  related  to  the  primary  task; 
and  (4)  increase  in  irritability  and  tendency  to  blame  difficulties  on 
the  test  appartaus.  This  picture  of  fatigue  is  interesting  and  sugges¬ 
tive  but  should  be  subjected  to  further  experimental  tests.  Adequate 
understanding  of  fatigue  is  necessary  for  achievement  of  maximum 
safety  in  long  flights.  Such  knowledge  should  aid  in  designing  equip¬ 
ment  such  as  warning  devices  or  blind-landing  equipment  which  is 
much  belter  suited  to  the  fatigued  pilot.  Moreover,  if  the  major  causes 
of  fatigue  could  be  identified,  it  should  be  possible  to  reduce  or  elimi¬ 
nate  them. 

Emotional  Stress 

Stressful  situations  arise  frequently  in  the  air  because  of  malfunc¬ 
tioning  of  equipment,  human  errors,  or  weather.  It  is  at  such  times 
that  the  reactions  of  the  human  beings  to  their  equipment  become 
most  crit  ical.  A  number  of  psychologists  have  asserted  that  emotional, 
stress  results  in  reversion  to  more  primitive  reaction  patterns.  In 
aviation  situations  this  would  mean  lapse  of  most  recently  learned 
skills  in  favor  of  older  or  more  rudimentary  forms  of  reaction.  Tl\us 
an  instrument  which  can  be  interpreted  correctly  only  after  consider- 
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able  training  may  be  reacted  to  incorrectly  during  stress.  Conversely, 
an  instrument  which  displays  the  information  in  the  most  simple, 
direct,  and  natural  manner  would  be  more  likely  to  elicit  the  appro¬ 
priate  reaction.  The  cross  pointer  (see  section  on  “Relation  of  Indi¬ 
cator  to  Control  Movement”)  which  is  extremely  difficult  to  use  (1) 
provides  an  illustration  of  this  principle.  As  the  airplane  nears  the 
end  of  the  runway  the  instrument  becomes  more  and  more  sensitive. 
Many  naive  pilots,  performing  this  increasingly  difficult  task,  have 
been  observed  suddenly  to  reverse  their  interpretation  of  the  instru¬ 
ment  in  the  course  of  a  last-minute  desperate  effort  to  bring  the  pointers 
back  to  center. 

Other  Environmental  Factors 

A  number  of  environmental  influences  probably  act  upon  aircrew 
personnel  in  ways  which  influence  their  reactions  to  displayed  infor¬ 
mation.  Those  factors  deserving  experimental  study  would  seem  to 
l>e  (1)  temperature,  (2)  noise,  (3)  vibration,  and  (*i)  clothing  and 
other  encumbering  equipment  such  as  goggles,  oxygen  masks,  pressure 
suits,  and  survival  equipment  worn  on  the  body. 
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INTRODUCTION 

The  study  of  human  motor  abilities  received  a  definite  impetus  dur¬ 
ing  the  war  because  designers  of  aircraft  equipment,  gunnery  equip¬ 
ment,  radar  equipment,  and  similar  complex  devices  discovered  that 
the  efficient  operation  of  such  equipment  depends  in  part  upon  the 
degree  to  which  the  design  of  the  device  is  adapted  to  the  motor  capaci¬ 
ties  of  the  operator.  As  a  result  it  has  become  increasingly  evident 
that  there  is  a  definite  need  for  basic  information  regarding  the  capac¬ 
ities  of  human  beings  to  make  positional,  rotary,  translatory,  and 
rhythmical  movements  of  members  of  the  body. 

Although  psychologists  and  physiologists  have  made  extensive  and 
elaborate  studies  of  the  sensory  and  perceptual  capacities  of  human 
beings,  relatively  little  time  and  effort  have  been  expended  in  studying 
motor  abilities.  Thousands  of  pages  have  been  devoted  to  vision, 
audition,  gustation,  olfaction,  and  touch,  but  few  to  fundamental  mo¬ 
tor  capacity.  A  survey  of  current  psychological  texts  and  reference 
works  reveals  a  somewhat  surprising  paucity  of  relevant  material. 
A  few  pages  are  devoted  to  studies  of  the  acquisition  of  complex  motor 
skills,  such  as  typewriting,  and  to  the  transfer  of  such  skills  from  one 
member  of  the  body  to  the  other,  but  little  is  said  regarding  the  accu¬ 
racy  with  which  an  individual  can  position  or  move  his  limbs. 

In  the  present  chapter,  an  attempt  has  been  made  to  classify  motor 
reactions  into  several  fairly  distinct  types  and  to  suggest  experimental 
procedures  and  significant  variables  in  each  case.  In  general,  the  scope 
of  the  treatment  is  restricted  to  the  study  of  movements  of  the  articu¬ 
late  members  of  the  body.  No  space  is  devoted  to  complex  motor  ac- 
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tivities,  such  as  walking,  running,  and  swimming,  which  involve  more- 
or-less  gross  movements  of  the  entire  body,  since  such  activities  are, 
for  the  most  part,  of  little  significance  for  the  design  of  equipment. 
Furthermore,  the  complex  problems  associated  with  the  learning  of 
skilled  movements  are  not  treated  herein.  In  studying  the  acquisition 
of  skilled  movements,  the  customary  procedure  is  to  hold  the  task 
constant  while  varying  the  number  of  trials,  the  degree  to  which  trials 
are  massed,  the  amount  and  kind  of  interpolated  activity,  and  other 
factors  calculated  to  affect  the  degree  and  rate  of  learning.  Here, 
however,  the  primary  concern  is  not  with  the  course  of  learning  on  a 
single  task  but  with  the  basic  initial  abilities  of  individuals  to  perform 
a  variety  of  tasks.  Research  of  this  typo  can,  of  course,  lead  directly 
into  extensive  studies  of  learning  where  it  may  be  desirable  to  discover 
not  only  which  movement  or  series  of  movements  is  most  efficient 
initially,  but  also  which  leads  to  the  highest  level  of  proficiency  after 
extensive  practice. 

It  has  been  customary,  in  thinking  about  the  psychological  principles 
of  equipment  design,  to  divide  the  problems  into  two  major  groups : 
those  related  to  design  and  operation  of  control  mechanisms  and  those 
related  to  methods  of  displaying  information  to  the  operator.  The 
research  outlined  here  bears  directly  upon  the  problems  of  operating 
controls,  since  information  about  the  capabilities  of  the  operator  is  in 
most  cases  a  necessary  prerequisite  to  the  design  of  a  psychologically 
adequate  control  device."  It  is  believed  that  the  accumulation  of  ac¬ 
curate  data  on  motor  abilities  will  solve  a  great  many  of  the  most 
general  control  problems.  Many  questions  about  specific  pieces  of 
equipment  cannot,  of  course,  be  answered  without  additional  detailed 
research. 

It  is  to  be  hoped  that  the  material  presented  here  will  form  the  basis 
for  a  systematic  scries  of  integrated  studies  of  basic  motor  abilities. 
In  the  concluding  section,  most  of  the  existing  publications  on  motor 
abilities  that  were  available  to  the  writers  have  been  summarized. 

TYPES  OF  MOTOR  REACTIONS 

Human  motor  reactions  can  be  separated  for  convenience  into  three 
fairly  distinct  classes.  These  are  (1)  static  reactions,  (2)  positioning 
reactions,  and  (3)  movement  reactions. 

The  term  static  reactions  includes  all  of  the  instances  where  a  bodily 
member  is  held  for  a  time  in  a  fixed  position  in  space,  the  maintenance 
of  that  position  being  the  central  task  imposed  on  the  individual  con¬ 
cerned.  Although  static  reactions  constitute,  from  the  point  of  view 
of  equipment  design,  the  least  important  class  of  motor  reaction,  there 
is  a  definito  need  for  sound  empirical  data  on  individual  differences 
in  static  motor  ability,  on  the  relation  of  such  ability  to  other  more 
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complex  adjustments,  and  on  the  degree  to  which  static  reactions  are 
affected  by  the  position  of  the  limb,  fatigue,  knowledge  of  results, 
and  numerous  other  conditions.  The  two  characteristics  of  static 
reactions  which  appear  to  deserve  attention  are  (1)  the  relatively 
minute,  high-frequency  tremor  movements  and  (2)  the  large,  slow 
changes  in  static  position. 

Positioning  reactions  are  those  in  which  the  members  of  the  body 
arc  moved  from  a  position  of  rest  to  a  specified  position  in  space. 
Here  the  terminal  accuracy  of  the  positioning  movement  is  of  primary 
significance.  The  ability  to  perform  such  reactions  has  never  been 
carefully  investigated,  and  it  is  believed  that  a  systematic  study  of 
their  variability  and  of  their  sensitivity  to  changes  in  experimental 
conditions  would  provide  valuable  information  about  human  motor 
ability.  The  study  of  positioning  reactions  may  be  regarded  as  an 
investigation  of  motor  localization — an  analogue  on  the  motor  side  of 
the  well-known  psychological  studies  of  auditory  and  tactual  localiza¬ 
tion.  In  experiments  designed  to  investigate  positioning  reactions,  the 
subjects  might  be  required  to  move  their  limbs  to  a  point  straight 
ahead,  to  a  point  90°  to  the  left  or  right,  or  up  or  down,  etc.  Or  the 
subjects  could  be  instructed  to  bisect  a  spatial  interval  by  moving  m 
limb  to  a  point  halfway  between  two  limiting  stops,  to  draw  a  lino  of 
specified  length,  and  so  forth.  Since  the  ability  to  make  accurate  posi¬ 
tioning  reactions  seems  to  depend  upon  the  ability  to  discriminate 
direction  and  extent  (in  motor,  not  perceptual  terms),  the  experi¬ 
mental  procedures  reported  in  a  later  section  have  been  divided 
accordingly. 

Movement  reactions  are  simply  movements  of  the  bodily  members 
at  given  rates,  in  given  directions,  and  along  Specific  pathways  or 
courses.  Movement  reactions  arc  .the  most  important,  the  most  numer¬ 
ous,  and  the  most  complex  of  the  motor  reactions  being  considered. 
The  number  of  possible  studies  of  movement  reactions  is  almost  un¬ 
limited,  since  extensive  variations  may  be  introduced  in  the  manner 
in  which  the  stimulus  is  presented,  in  the  kind  of  responses  required, 
in  the  mechanism  (if  any)  which  is  manipulated,  and  in  the  method 
of  measuring  the  reactions.  In  the  more  detailed  outline  of  move¬ 
ment  reactions  given  later  a  distinction  has  been  drawn  between  dis¬ 
crete  movements,  repetitive  movements,  serial  movements,  and 
continuous  movements. 

In  the  present  report,  each  of  the  three  types  of  movement  is  treated 
separately,  and  the  suggested  research  program  covers  only  the  study 
of  each  in  isolation  from  the  others.  The  problem  of  the  interrela¬ 
tions  of  the  abilities  involved  in  the  three  types  of  movement  would 
constitute  a  desirable  extension  of  the  present  program.  A  few  ref¬ 
erences  pertaining  to  this  area  are  summarized  in  the  concluding 
section. 
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GENERAL  EXPERIMENTAL  VARIABLES 

A  survey  of  the  factors  which  can  be  varied  experimentally  in 
studies  of  motor  ability  reveals  several  which  apply  rather  generally 
to  all  types  of  motor  reactions.  Thcso  general  variables  are  the  fol¬ 
lowing: 

1.  Bodily  member  employed. 

2.  Limb  position:  This  includes  the  position  of  the  reacting  limb 
with  respect  to  the  body;  the  positions  of  other  limbs;  the  degree  of 
flexion  of  the  joints;  the  point  of  limb  support;  and  the  position  of 
the  extremities  of  the  limb  with  respect  to  the  more  proximal  joints, 
particularly  the  degree  of  supination,  pronation,  flexion,  or  extension 
of  the  wrist  and  hand. 

:i.  Knowledge  of  results:  This  includes  the  manner  in  which  the 
subject  is  informed  of  his  success;  the  amount  of  information  given 
him;  and  the  particular  sense  modalities  furnishing  the  motor- 
corrective  cues,  whether  proprioceptive,  tactual,  visual,  or  a  combina¬ 
tion  of  these. 

4.  Environmental  factors:  Included  here  are  such  items  as  tem- 
|>crature,  vibration  and  jolting,  anoxia,  drugs,  acceleration,  and  de¬ 
celeration. 

5.  Work  output:  This  includes  the  degree  to  which  the  reacting 
member  is  artificially  restricted  by  loading  and/or  frictional  resistance. 

G.  Activity  level :  Included  here  are  the  amount,  duration,  and  type 
of  preceding,  simultaneous,  and/or  interspersed  motor  activity  of  the 
reacting  limb  and  other  members,  including  the  head  and  trunk. 
Fatigue,  frequency  of  reacting,  number  of  practice  trials,  and  coopera¬ 
tive  use  of  two  limbs  are  subsumed  under  this  heading. 

STUDIES  OF  STATIC  REACTIONS 

As  has  been  suggested  above,  the  study  of  static  reactions  involves 
( 1)  the  measurement  of  minute  tremors,  and  (2)  the  measurement  of 
gross  drifts  of  the  limb  from  null  position.  The  experimental  pro¬ 
cedures  for  testing  such  reactions  appear  to  be  relatively  simple. 
Verbal  instructions,  supplemented  perhaps  by  a  visually  presented 
target,  would  serve  to  acquaint  the  subject  with  the  experimental 
situation  and  the  desired  reaction.  He  would  then  initiate  and  main¬ 
tain  the  response  until  notified  that  the  trial  was  ended.  The  char¬ 
acteristics  of  the  response  would  be  measured  by  any  of  a  number  of 
graphic  or  photographic  methods.  In  the  case  of  positioning  and 
movement  reactions,  however,  the  experimental  procedures  for  de¬ 
fining  the  reaction  to  the  subject  and  the  methods  of  measuring  his 
responses  are  much  more  complex.  These  will  be  discussed  in  detail 
in  the  appropriate  sections. 
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From  a  practical  standpoint,  the  study  of  tremor  may  be  important 
for  those  motor  operations  in  which  extremely  fine  adjustments  must 
be  made  of  delicate  mechanical  parts  or  assemblies  having  insufficient 
inherent  inertia  to  damp  out  the  fundamental  unsteadiness  of  the  ad¬ 
justing  limb.  Experiments  in  this  category  would  be  concerned  with 
the  factors  which  affect  the  amplitude,  frequency,  and  plane  of  oscilla¬ 
tion  of  limb  tremors.  As  a  secondary  objective  it  would  be  desirable 
to  study  a  sufficient  number  of  subjects  so  that  normative  data  on 
steadiness  could  be  provided  for  each  of  a  number  of  experimental 
conditions. 

If  the  apparatus  for  recording  tremor  were  suitably  constructed, 
it  would  be  possible  to  obtain  simultaneous  records  of  both  tremor 
and  the  extent  to  which  the  limb  gradually  drifts  away  from  its  initial 
position.  The  study  of  slow  changes  in  the  basic  limb  position, 
especially  as  they  are  affected  by  the  position  or  movement  of  other 
limbs  and  the  head,  is  of  practical  importance  in  connection  with  the 
operation  of  high-speed  aircraft  at  altitudes  below  about  100  feet. 
In  such  a  situation,  an  unintentional  forward  or  sideward  movement 
of  the  stick  may  result  in  a  sudden  and  disastrous  loss  of  altitude. 
No  studies  of  these  slow  changes  in  limb  position  have  been  made,  so 
far  as  the  writers  are  aware. 

The  general  experimental  variables  listed  above  apply  here.  How¬ 
ever,  the  use  of  vision  in  providing  sensory  cues  applies  to  tremor 
only,  since  its  use  in  the  case  of  slow  changes  would  eliminate  the 
phenomenon  being  studied. 

STUDIES  OF  POSITIONING  REACTIONS 

A  preliminary  inquiry  into  the  psychological  factors  involved  in  the 
performance  of  positioning  reactions  indicates  that  the  ability  to 
discriminate  the  direction  of  a  motor  reaction,  and  the  ability  to  dis¬ 
criminate  its  extent,  are  of  primary  importance.  In  studying  such 
discriminatory  abilities,  the  use  of  vision  would,  for  the  most  part, 
be  precluded,  since  its  use  in  either  case  would  reduce  errors  to  an 
insignificant  level.  Because  both  directional  and  extentional  judg¬ 
ments  are  involved  simultaneously  in  the  majority  of  positioning 
reactions,  the  relative  accuracies  of  the  two  judgments  can  be  deter¬ 
mined  only  by  the  use  of  experimental  techniques  which  isolate  one 
from  the  other.  Accuracy  in  performing  directional  reactions,  unin¬ 
fluenced  by  cues  arising  from  tho  discrimination  of  extent,  can  bo 
studied  by  holding  extent  constant  and  measuring  errors  in  a  plane 
perpendicular  to  the  iine  of  movement  followed  by  the  limb  in  arriving 
at  the  terminal  position.  In  studying  motor  discrimination  of  extent, 
tho  effect  of  secondary  cues  duo  to  direction  can  be  eliminated  by 
restricting  the  movement  to  a  single  dimension,  errors  being  measured 
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along  the  line  connecting  the  starting  and  terminal  points.  If  de¬ 
sirable,  the  over-all  accuracy  of  positioning  reactions,  involving 
both  directional  and  exlentional  cues,  could  be  determined  by  measur¬ 
ing  errors  in  three  dimensions  from  the  target  position. 

Data  obtained  in  studies  of  discrimination  of  direction  would  have 
considerable  practical  application  in  the  design  of  complex  equipment. 
Information  regarding  the  variability  of  such  reactions  as  a  function 
of  direction  and  remoteness  could  be  used  in  determining  where 
control  handles  or  switches  should  be  located  with  respect  to  the  oper¬ 
ator  and  how  widely  they  should  bo  separated  to  prevent  errors. 
Similarly,  studies  of  the  ability  to  discriminate  extent  would  enable 
the  equipment  designer  to  achieve  a  better  match  between  the  range 
of  excursion  of  controls  or  their  degree  of  sensitivity  and  the  capaci¬ 
ties  of  tho  operator. 

Discrimination  of  Direction 

In  experimental  studies  included  under  this  heading,  measurements 
would  be  made  of  the  ability  of  an  individual  to  move  his  limbs  accu¬ 
rately  to  a  specified  terminal  position.  The  location  of  that  position 
would  be  varied  in  azimuth  and  in  elevation,  errors  being  measured 
radially  about  the  target  in  two  dimensions.  The  remoteness  of  the 
terminal  position  from  the  subject  would  be  held  constant  for  a  par¬ 
ticular  group  of  directional  reactions,  but  its  effect  upon  such  reactions 
could  be  studied  systematically. 

Experimental  procedures  for  defining  tho  standard  reactions,  along 
with  relevant  methods  of  measuring  the  subjects’  responses  are  listed 
later.  Also  listed  are  those  experimental  variables  which,  in  addition 
io  tho  general  variables  given  previously,  apply  specifically  to  the 
discrimination  of  direction.  The  question  of  which  variables  to  com¬ 
bine  with  which  procedures  can,  in  all  probability,  be  answered  most 
efficiently  by  exploratory  experiments. 

Experimental  procedures. — The  desired  reaction  could  bo  defined  to 
the  subject  in  purely  verbal  terms  by  telling  him  to  point  straight 
ahead,  directly  to  tho  right,  etc.  His  ability  to  translate  such  verbal 
instructions  into  movements  could  then  be  estimated  by  the  method  of 
production 1  or  by  the  method  of  recognition.* 

The  terminal  position  might  be  defined  by  visual  means  by  showing 
a  subject  tho  target  at  which  he  is  to  point.  If,  during  the  time  he  is 
shown  the  target,  he  is  allowed  to  practice  by  moving  his  limb  out  to 

1  In  the  method  of  production,  a*  used  here  and  In  succeeding  page*,  the  subject  make* 
a  response  following  a  verbal  or  visual  definition  of  the  desired  reaction,  without  harJnf 
previously  made  ibat  same  response  In  the  experimental  situation.  Thus,  be  emit*  or 
product  the  response  without  benefit  of  proprioceptive  cues  from  a  previous  reaction. 

*  In  the  method  of  recognition,  the  subject  makes  a  choice  from  amongst  a  group  of 
tllmull  or  movement,  one  of  which  It  the  same  as  that  presented  originally.  The  choice 
would  never  he  made  by  the  use  of  vision  atone,  but  would  always  Involve  either  an  active 
or  passive  motor  reaction. 
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tho  target,  either  the  method  of  reproduction  *  or  the  method  of  recog¬ 
nition  could  be  employed  in  testing  his  ability.  If  the  subject  is  not 
allowed  to  practice,  the  testing  procedure  is  limited  to  the  method  of 
production. 

Tho  terminal  position  could  be  defined  by  passive  movements  of  the 
subject’s  limbs  to  the  desired  position,  with  either  tho  methods  of 
recognition  or  reproduction  being  subsequently  employed. 

Active  positioning  movements  of  the  subject  himself  might  also 
serve  to  define  a  terminal  position.  Thus  he  could  be  instructed  to 
move  his  limb  out  in  any  direction,  note  the  point  achieved,  and  then 
either  reproduce  or  recognize  the  position.  In  general,  this  method 
would  probably  be  unsatisfactory  since  tho  standard  reaction  is  gen¬ 
erated  by  the  subject  and  is  not,  therefore,  under  the  control  of  the 
experimenter. 

No  especially  elaborate  apparatus  would  be  needed  for  the  majority 
of  studies  of  discrimination  of  direction.  Paper  targets  could  bo 
mounted  in  various  locations  with  the  subject’s  reactions  indicated 
automatically  by  a  marker  held  in  his  hand  (see  ch.  15).  The 
labor  of  record  reading  could  be  eliminated  by  having  the  subject  hold 
a  stylus  to  which  a  thread  is  attached.  The  thread  would  run  through 
a  minute  hole  in  the  center  of  the  target  and  would  have  a  small  weight 
at  tho  other  end.  The  position  of  the  weight  on  a  vertically  mounted 
scalo  would  indicate  the  magnitude  of  the  radial  error,  but  not  it3 
direction. 


Experimental  variables. — Starting  position  and  direction  and  re¬ 
moteness  of  terminal  position  could  be  studied.  With  these  factore 
defined,  limb  position  and  degree  of  limb  flexion  are  automatically 
determined  for  a  subject  of  a  given  size. 

Temporal  factors  also  could  be  studied,  for  example,  tho  time  be¬ 
tween  presentation  of  standard  stimulus  and  tho  reaction,  time  between 
successive  reintroduction  of  tho  standard  stimulus,  time  between  re¬ 
actions,  and  time  between  initiation  and  completion  of  a  reaction. 
Discrimination  of  Extent 


In  the  studies  to  be  included  under  this  heading,  measurements 
would  bo  mado  of  the  ability  of  an  individual  to  move  his  limb  a 
specified  distance  from  one  point  to  another.  Errors  would  bo 
measured  along  the  line  connecting  the  two  points.  Tho  experimental 
procedures  and  variables  for  this  area  of  research  are  listed  in  the 
following  paragraphs. 

Experimental  procedures, — The  desired  reaction,  in  this  case  tho 
distance  to  be  covered  between  two  points,  could  bo  defined  to  the 


which  hn«  w!h0<1  reproduction,  the  subject  attempt*  to  duplicate  a  motor  reaction 
Involves  renm^.M^0  pr,e''5oUH1,y;  In  a  cortala  *™ry  trial  following  an  Initial  trial 
U«n  but  n }  .1  '  "'though  In  that  cose  It  Is  not  a  reproduction  of  the  standard  reae- 

1  n,c  "object's  own  relatively  Inaccurate  attempt  to  duplicate  that  reaction. 
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subject  in  verbal  terms  by  telling  him  to  move  his  limb  a  certain 
number  of  inches  from  a  starting  position,  or  by  telling  him  to  move 
his  limb  to  n  point  halfway  between  two  points,  etc.  The  methods 
of  production  and  recognition  would  then  be  applied. 

The  correct  distance  could  be  specified  by  means  of  a  visual  display, 
the  subject  being  shown  the  position  of  two  points  and  the  distance 
between  them.  If  practice  trials  are  allowed,  the  methods  of  repro¬ 
duction  and  recognition  could  be  employed,  otherwise  only  the  method 
of  production  would  be  applicable. 

The  distance  could  bo  defined  by  passive  movements  of  the  subject’s 
limb  between  the  two  points  marking  the  limits  of  the  distance.  Re¬ 
production  or  recognition  could  then  be  used  in  estimating  proficiency. 

Active  movement  might  be  required  of  the  subject  in  defining  the 
standard  distance.  Here  he  would  be  asked  to  move  his  limb  from 
left  to  right  between  two  stop/s  and  then  would  be  required  either  to 
reproduce  or  to  recognize  the  reaction. 

The  apparatus  could  be  extremely  simple;  perhaps  a  piece  of  paper 
and  a  pencil  would  suffice  for  the  most  part.  However,  if  it  were 
necessary  to  keep  the  factors  of  limb  loading  and  friction  down  to 
an  absolute  minimum,  more  delicate  photographic  or  graphic  record¬ 
ing  methods  would  bo  indicated. 

Experimental  variables. — In  addition  to  the  general  variables,  the 
effect  of  the  following  factors  could  be  studied:  (1)  extent,  starting 
position,  direction,  path,  and  rate  of  movement;  and  (2)  temporal 
factors  (sec  those  listed  under  Discrimination  of  Direction). 

STUDIES  OF  MOVEMENT  REACTIONS 

Experimental  studies  of  movement  reactions  are  undoubtedly  of 
greater  importance  and  of  vore  general  interest  than  studies  of  either 
static  or  positioning  reactions.  Although  data  on  these  latter  types 
of  motor  activities  are,  as  has  been  noted,  of  some  significance  for  the 
design  of  complex  equipment,  such  activities  are  far  less  frequent  in 
the  over-all  operation  of  control  mechanisms  than  are  movement  re¬ 
actions.  Moreover,  although  the  act  of  reaching  out  to  a  given  posi¬ 
tion  in  space  and  grasping  a  control  lever  (positioning  reaction)  is 
obviously  the  first  step  in  operating  that  lever,  the  manner  in  which 
it  is  moved  is  ordinarily  the  most  significant  feature  of  the  reaction 
in  terms  of  the  effects  produced. 

A  preliminary  examination  of  the  many  possible  kinds  of  move¬ 
ment  reactions  suggests  the  feasibility  of  dividing  them  into  four 
major  groups :  discrete  movements ,  repetitive  movements ,  serial  move- 
mentSy  and  continuous  movements.  The  criteria  for  making  these 
distinctions  stem  principally  from  the  experimental  procedures  and 
operations  employed  in  the  study  of  movement  reactions.  Qualitative 
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differences  are  useless  as  differentiating  criteria  because  of  the  fact 
{hat  movements  in  one  group  may  have  the  same  characteristics  and 
involve  the  same  musculatures  as  do  segments  of  movements  classed 
in  another  group.  Although  the  four  groups  form  a  series  in  which 
complexity,  loosely  defined,  increases  from  discrete  movements  to 
continuous  movements,  many  inversions  of  the  order  could  result 
from  the  experimental  procedures  employed  in  each  case.  In  the 
material  which  follows,  a  detailed  description  of  each  of  four  classes 
of  the  movements  is  given,  along  with  the  operations  and  characteris¬ 
tics  which  appear  to  differentiate  them. 

Discrete  Movement* 

For  purposes  of  the  present  study,  a  discrete  movement  may  be 
defined  as  a  single  unitary  movement  of  any  articulate  member  of  the 
body  from  any  position  in  space  to  any  other.  Studies  of  discrete 
movement  could  be  concerned  primarily  with  the  rate  at  which  the 
movement  was  made  and  its  path  through  space.  Thus  a  subject 
might  be  required  to  move  his  arm  at  a  constant  or  varying  rate,  in 
a  straight  or  curved  line,  in  any  direction.  His  accuracy  in  attaining 
the  prescribed  rate  and  in  following  the  designated  path  would  be 
determined.  Because  of  the  fact  that  the  term  discrete  movements , 
liko  most  topical  headings,  is  not  without  ambiguity,  it  is  essential 
that  the  laboratory  operations  and  characteristics  which  differentiate 
these  movements  from  others  be  specified.  These  are  as  follows:  (1) 
'flie  reaction  occurs  after  the  stimulus  has  ceased  to  act,  the  stimulus 
hero  being  the  words  used  by  the  experimenter  or  the  visual  display 
introduced  in  order  to  define  the  required  movement  to  the  subject. 
(2)  The  accuracy  of  the  movement  is  defined  in  terms  of  the  degree 
to  which  it  deviates  in  rate  or  in  form  from  that  of  the  movement 
specified  by  the  experimenter.  (3)  On  successive  repetitions,  the  same 
stimulating  conditions  are  maintained,  the  same  measurements  are 
made,  and  approximately  the  same  response  is  evoked. 

Experimental  procedures. — The  desired  movement  could  be  defined 
verbally  by  telling  the  subject  to  move  his  limb  at  a  constant  rato 
from  left  to  right,  around  in  an  arc,  etc.  The  methods  of  production 
and  recognition  would  then  apply.  The  use  of  the  method  of  recog¬ 
nition  in  this  case  would  require  that  the  subject’s  hand  bo  moved 
passively  at  several  rates  over  a  given  course.  He  would  attempt  to 
recognize  the  one  movement  in  which  a  constant  rate  was  maintained 
between  two  points. 

The  standard  movement  could  be  defined  visually.  Here  a  static 
model,  such  ns  a  line  drawn  on  paper,  would  be  adequate  to  indicate 
the  path,  but  a  moving  display  would  be  needed  to  indicate  rato.  If, 
during  the  presentation  of  the  visual  display,  the  subject  were  allowed 
to  practice  by  moving  his  limb  along  the  path  at  the  desired  rate,  his 
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ability  to  perform  the  movement  would  bo  estimated  by  either  the 
method  of  reproduction  or  by  that  of  recognition.  If  ho  wero  not 
allowed  io  practice,  but  merely  observed  the  display,  tlis  methods  of 
production  or  recognition  would  bo  applicable. 

The  standard  movement  might  also  be  defined  by  moving  the 
subject’s  limb  passively  along  a  given  path  at  a  particular  rate. 
Either  reproduction  or  recognition  could  bo  used  in  evaluating 
proficiency. 

The  rate  of  the  standard  movement  might  be  defined  by  allowing 
the  subject  to  move  bis  hand  actively  along  a  visually  presented  path¬ 
way  at  his  own  rate.  On  the  following  trial  lie  would  attempt  to 
reproduce  both  his  own  self-generated  rate  and  the  correct  path.  It 
is  probably  not  feasible  to  allow  the  subject  to  define  his  own  path  by 
an  active  movement 

The  apparatus  used  in  studying  discrete  movement  should  bo  capa¬ 
ble  of  recording  the  rate  of  the  movements  and  their  course  (preferably 
in  three  dimensions)  without  appreciably  interfering  with  the  move¬ 
ments  being  studied.  Photographic  techniques,  in  which  a  flashing 
light  or  spark  gap  is  attached  to  the  moving  member,  satisfy  these 
requirements  reasonably  well.  Much  simpler  graphie  methods  would, 
of  course,  suffice  in  some  cases. 

Experimented  variables. — The  following  variables,  in  addition  to 
the  general  variables  already  listed,  are  relevant  to  the  study  of  dis¬ 
crete  movements:  (i)  rate  of  movement;  (2)  magnitude,  direction, 
location,  and  form  of  the  path:  (3)  temporal  factors  {see  these  listed 
under  Discrimination  of  Direction) ;  and  (4)  characteristics  of  the 
mechanical  system,  if  any,  interposed  between  fire  limb  movement 
and  the  ©curved  movement  of  an  indicator.  These  characteristics 
include  the  ratio  between  the  amplitude  of  movement  of  a  control 
and  the  amplitude  of  movement  of  the  indicator:  the  relation  between 
the  plane  of  movement  of  the  control  and  the  plane  of  movement  of 
the  indicator;  the  relation  between  the  type  of  movement  of  the 
control  (rotary,  linear,  etc,)  and  the  type  of  movement  of  the  indi¬ 
cator;  the  relation  of  the  direction  of  movement  of  the  control  to 
direction  of  movement  of  the  pointer;  magnitude  of  lag;  and  degree 
of  backlash. 

Repetitive  StorensenU 

The  members  of  this  class,  which  includes  such,  movements  as  tap¬ 
ping  and  turning  a  crank  handle,  arc  characterized  by  the  fact  that 
they  are,  in  essence,  discrete  movements  which  are  performed  a  num¬ 
ber  of  times  in  fairly  rapid  succession.  In  some  instances,  e.  g.,  in 
tapping,  each  discrete  movement  is  followed  by  a  return  movement 
functioning  principally  to  bring  the  limb  back  into  position  for  the 
next  discrete  movement.  In  others,  e.  g.,  turning  a  crank,  the  initial 
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movement  is  such  that  its  termination  automatically  leaves  the  limb 
in  a  position  for  the  succeeding  movement.  Here  the  discreteness  of 
the  movements  may  become  almost  completely  obscured,  and  the  over¬ 
all  result  can  be  distinguished  from  continuous  movements  only  by 
reference  to  other  characteristics  of  the  situation  such  as  the  stimulus 
conditions. 

For  the  most  part,  investigations  of  repetitive  movements  would  be 
directed  toward  the  study  of  the  maximum  rates  obtainable,  the  nature 
of  motor  blockage  which  occurs  as  the  rate  is  increased  to  the  physi¬ 
ological  limit,  and  the  form  of  the  movement  elements  as  a  function 
of  rate,  amplitude,  and  other  factors. 

Data  obtained  in  studies  of  repetitive  movements  would  relate 
directly  to  the  problem  of  equipment  design  wherever  cranlc-turning 
movements,  tapping  movements,  or  reciprocal  pumping  movements 
are  required  of  the  operator.  Fewer  movements  of  this  tvpo  appear 
to  be  involved  in  the  operation  of  aircraft  equipment  than  in  the  oper¬ 
ation  of  artillery  pieces,  tank  guns,  and  machine  tools. 

As  in  the  case  of  simple  discrete  reactions,  certain  characteristic 
conditions  serve  to  distinguish  repetitive  movements  from  other  types. 
These  are  as  follows:  (1)  The  type  of  repetitive  reaction  required  is 
first  specified  by  the  experimenter;  the  subject  then  performs  the  reac¬ 
tion  in  the  absence  of  corrective  stimuli  other  than  those  which  arc  self¬ 
generated.  (2)  Proficiency  is  determined  by  recording  the  number  of 
movements  made  in  a  given  time,  by  analyzing  the  shape  of  the  com¬ 
ponents,  by  measuring  the  variability  of  timing  and  form  within  a 
series,  by  recording  the  occurrence  of  motor  blockage,  etc.  (3)  The 
component  unit-movements  arc  nearly  identical,  each  involving 
approximately  the  same  muscle  groups  as  the  others. 

Experimental  procedures.— The  desired  reaction  could  be  elicited 
by  verbal  instructions  alon8  or  by  a  combination  of  such  instructions 
and  visual  or  auditory  displays.  The  method  of  production  would  ap¬ 
ply  in  the  majority  of  instances  since  usually  the  subject  would  be  told 
to  tap  as  rapidly  ns  possible,  or  to  tap  at  a  rate  of,  say,  once  a  second, 
and  so  on.  The  methods  of  reproduction  and  recognition  would 
clearly  not  apply  if  the  subject  were  instructed  to  move  at  his  maxi¬ 
mum  possible  rate.  Nor  would  they  apply  to  the  tasks  in  which  the 

subject  would  be  required  to  translate  a  verbally  defined  rate  into  motor 
terms. 

The  rate  of  a  repetitive  tapping  or  turning  movement,  as  well  as  its 
amplitude,  could  be  defined  by  attaching  an  appropriate  devico  to  the 
subject's  limb  which  would  move  it  passively  in  the  desired  manner. 
Hie  methods  of  recognition  and/or  reproduction  might  then  be 
employed. 

The  apparatus  required  for  studies  of  repetitive  movements  would 

extremely  simple  if  only  maximum  rates  of  tapping  or  winding  were 
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to  be  measured.  Elect  romagnetically  operated  counters  and  tachom¬ 
eters  would  meet  most  requirements.  Were  it  desired  to  record  the 
detailed  characteristics  of  the  component  reactions,  however,  recourse 
would  be  had  to  more  elaborate  graphic  or  photographic  methods. 

Experimental  variables. — In  addition  to  most  of  the  general  ex¬ 
perimental  variables  listed  previously,  the  following  apply  directly  to 
repetitive  movements:  (1)  amplitude  (of  reciprocal  movements)  and 
radius  (of  turning  movements) — this  would  include  the  determina¬ 
tion  of  optimal  amplitudes  for  various  rates ;  (2)  rate;  and  (3)  kind  of 
movement,  for  example,  path  traversed  and  direction. 

Sent!  Movement* 

.Serial  movements  may  be  defined  provisionally  as  those  which  are 
composed  of  a  number  of  discrete  movements  involving  starting  and 
stopping  of  the  moving  member,  changes  in  direction,  and  the  like, 
each  component  being  made  in  response  to  a  specific,  relatively  discrete 
change  in  the  external  stimulating  conditions.  Here  the  primary 
concern  is  with  the  ability  of  an  individual  to  perform  the  entire  scries 
of  reactions,  with  little  or  no  significance  being  attached  to  the  more 
minute  characteristics  of  the  components.  The  study  of  movements  of 
this  variety  may  have  considerable  practical  importance,  since  there 
are  a  number  of  aircrew  positions  as  well  os  industrial  situations 
where  it  is  desirable  to  be  able  to  perform  a  series  of  knob-turning  or 
switch-throwing  reactions  with  speed  and  accuracy.  One  related 
problem  which  deserves  considerable  attention  concerns  the  ways  in 
which  discrete  movements  can  be  combined  into  a  series  in  the  most 
efficient  manner. 

Serial  movements  may  be  distinguished  from  other  movement  reac¬ 
tions  by  the  following  properties :  (  i)  The  reactions  ordinarily  occur 
in  the  presence  of  the  stimuli.  (2)  The  over-all  task  may  be  such  that 
the  subject  paces  his  own  reactions  ( i.  e.,  the  completion  of  a  reaction 
automatically  results  in  the  appearance  of  a  new  stimulus),  or  the 
rate  of  reaction  may  be  predetermined  (new  stimuli  appear  at  certain 
time  intervals  regardless  of  whether  the  reaction  lias  occurred  or 
whether  it  is  correct).  (3)  Different,  relatively  discrete  stimuli  are 
associated  with  each  of  the  different  component  movements.  (4)  Pro¬ 
ficiency  is  measured  primarily  by  recording  the  total  time  required 
to  complete  the  series  of  movements  and  by  noting  the  number  of  errors 
made.  The  detailed  characteristics  of  each  of  the  components  could, 
of  course,  also  be  measured.  (5)  During  the  initial  runs  through  the 
reaction  sequence,  each  response  will  be  relatively  independent  of 
every  other,  but  on  repeated  trials  as  learning  takes  place,  some  re¬ 
sponses  will  acquire  the  capacity  to  serve  as  stimuli  for  other  responses, 
and  some  stimuli  will  acquire  the  capacity  to  evoke  responses  some¬ 
what  removed  in  the  series. 
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In  many  serial-reaction  tasks  a  rather  clear  distinction  can  be 
made  between  the  movements  of  adjusting  the  individual  control 
mechanisms  and  the  connective  movements  which  function  solely  to 
carry  the  adjusting  limb  from  one  control  mechanism  to  another. 
For  purposes  of  exposition,  these  movements  will  bo  referred  to  here¬ 
after  ns  adjustive  and  connccti vc  movements  respectively.  By  varying 
the  nature  of  the  serial-reaction  task,  either  adjustivo  or  connective 
movements  may  be  studied  in  relative  isolation.  Connective  move¬ 
ments  can  be  eliminated  from  the  task  by  using  a  single  control  mech¬ 
anism,  such  as  a  knob  with  a  pointer  attached,  and  requiring  the  sub¬ 
ject  to  perform  a  series  of  adjustivo  movements  with  that  control  only. 
The  elimination  of  multiple  controls  and  hence  the  factor  of  their 
spatial  separation  excludes  the  connective  movements.  Likewise, 
the  task  may  bo  set  up  so  as  to  reduce  adjustive  movements  to  a  mini¬ 
mum  by  requiring  that  the  limb  be  moved  as  rapidly  as  possible  from 
one  to  another  series  of  points  in  space,  pausing  at  each  point  only 
long  enough  to  push  a  button  or  make  a  mark  on  a  piece  of  paper  with 
a  pencil. 

The  Complex  Coordination  Test  developed  at  the  AAF  School  of 
Aviation  Medicine  is  probably  a  good  example  of  a  serial-reaction 
task  in  which  adjustive  movements  (as  differentiable  from  the  con¬ 
nective  movements)  have  been  eliminated.  In  that  test,  the  subject 
moves  a  stick  and  a  rudder  bar  to  ono  after  another  of  a  series  of 
positions  indicated  indirectly  by  means  of  rows  of  lights.  Here  the 
connective  movements  are,  in  essence,  the  only  reactions  required;  once 
they  have  been  made  correctly,  the  light  signals  change  to  indicate  the 
direction  for  the  next  connective  movement.  No  qualitatively  differ¬ 
ent  movement  reactions  take  place  after  each  of  the  basic  positioning 
or  connective  movements  has  been  performed. 

In  serial-reaction  tasks  where  it  is  desirable  to  include  both  adjustive 
and  connective  movements,  experiments  could  bo  designed  in  which 
either  type  or  reaction  is  held  constant  while  the  other  is  varied.  (See 
Experimental  Variables  listed  Ixdow.)  This  procedure  is  in  contrast 
with  that  described  previously  where  either  of  the  reactions  could 
be  reduced  to  an  unimportant  minimum.  Experiments  conducted 
along  these  lines  should  yield  data  on  how  best  to  combine  connective 
movements  with  adjustive  movements  in  order  to  increase  over-all 
performance  efficiency. 

Experimental  procedures. — The  procedures  for  defining  the  task  to 
the  subject  arc  less  complex  in  the  case  of  serial-reaction  situations 
than  in  the  case  of  positioning  reactions  and  discrete  movements.  Oise 
reason  for  this  difference  is  that  in  serial-reaction  tasks  the  subject  is 
usually  allowed  almost  complete  freedom  in  determining  the  exact 
paths  his  movements  will  follow  and  the  rates  at  which  the  movements 
are  made.  It  is  only  the  end  result  of  the  movements,  i.  e.,  the  turning 
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of  a  given  knob  through  an  angle  of,  say  180°,  which  is  ordinarily 
specified  in  detail.  In  general,  verbal  instructions,  supplemented  bv 
visual  inspection  of  the  apparatus  and  perhaps  preliminary  practice 
trials  would  suffice  to  acquaint  the  subject  with  the  task. 

The  nature  of  serial-reaction  tasks  is  such  that  the  methods  of  pro¬ 
duction,  reproduction,  and  recognition,  as  employed  for  positioning 
movements  and  discrete  reactions  cannot  be  applied  without  seriously 
distorting  their  original  meanings.  If  interpreted  rather  loosely,  the 
method  of  productioJi  is  relevant  to  some  extent,  since  the  subject 
converts  the  verbal  statements  of  the  experimenter  into  action  and 
hence  produces  the  desired  response.  On  the  second  presentation  of 
the  serial  task,  or  on  a  trial  following  a  practice  trial,  the  subject  may  in 
a  sense  be  reproducing  his  reactions  of  the  previous  trials.  Since  he  is 
not  instructed,  however,  to  follow  exactly  the  same  movement  paths 
on  successive  trials,  but  only  to  accomplish  the  over-all  task  as  rapidly 
and  efficiently  as  possible,  the  method  of  reproduction  is  not,  strictly 
speaking,  applicable.  The  method  of  recognition  could  be  employed 
only  if  a  rather  large  number  of  serial-reaction  apparatuses  were  to  be 
constructed  to  serve  as  comparison  tasks,  a  procedure  that  is  obviously 
impracticable  because  of  the  time,  effort,  and  expense  involved. 

The  type  of  apparatus  required  for  studies  of  serial-reaction  move¬ 
ments  would  depend  entirely  upon  the  variables  being  studied.  In 
exploratory  studies  conducted  in  the  Aero  Sled i cal  Laboratory,  use 
has  been  made  of  the  Finger  Dexterity  Test  employed  in  the  AAF 
Aviation  Psychology  Program.  This  test  consists  of  a  board  in  which 
48  square  holes  are  cut.  Round-headed  pegs  with  square  bases  are 
inserted  in  the  holes.  The  basic  task  is  to  lift  the  pegs  from  the  holes, 
rotate  them  180°,  and  reinsert  them  in  the  holes.  By  varying  the 
spacing  of  the  pegs  and  the  required  direction  of  rotation,  a  large 
number  of  serial-reaction  tasks  can  be  devised,  in  which  either  the 
connective  or  the  adjustive  movements,  or  both,  are  varied 
systematically  (see  ch.  16). 

Experimental  variables. — In  addition  to  the  general  variables  out¬ 
lined  in  an  earlier  section,  the  following  apply  specifically  to  serial- 
rcact  ion  situations :  ( 1 )  Adjustive  movements.  For  example :  Direc¬ 
tion  of  movement  (clockwise,  counterclockwise) ;  types  of  movements 
(twisting,  pulling,  pushing) ;  amplitude  of  movement;  homogeneity 
or  heterogeneity  of  types  of  movements  within  the  scries,  etc.  (2) 
Connective  movements.  Here  variations  could  he  introduced  in  mag¬ 
nitude,  degree  of  uniformity,  direction,  in  the  ways  in  which  different 
connective  movements  arc  combined,  etc.  (3)  Characteristic  of  the 
mechanical  system.  (Seo  paragraph  with  this  heading  under  the  ex¬ 
perimental  variables  listed  for  Discrete  Movements.)  (4)  Typo  of 
display.  Tliis  involves  variations  in  the  kinds  of  cues  provided  to  the 


subject  so  that  the  adjust ive  movements  can  be  performed  in  the  right 
manner  and  in  the  correct  order. 

Continuous  Movement* 

The  movements  which  appear  to  fall  logically  into  this  class  are 
those  in  which  continuously  changing  motor  adjustments  are  made  in 
response  to  continuously  changing  stimulus  configurations.  The  task 
of  the  aerial  gunner  in  tracking  a  rapidly  moving  target  by  the  manip¬ 
ulation  of  suitable  controls  in  a  turret  is  an  excellent  example  of  what 
is  meant  here  by  a  continuous-movement  reaction.  In  general,  most 
of  the  tasks,  which  in  the  literature  on  psychomotor  tests  are  referred 
to  as  pursuit  tasks  or  eye-hand-coordination  tasks,  fall  into  this  cate¬ 
gory.  As  was  noted  in  the  introduction  to  this  report,  complex  motor 
activities  (many  of  which  are  obviously  continuous)  involving  gross 
movements  of  the  whole  body,  are  believed  to  be  relatively  unim¬ 
portant  with  respect  to  the  design  of  equipment  and  hence  are  not 
considered  here. 

Continuous-movement  reactions  may  be  distinguished  from  other 
movements  by  the  following  characteristics:  (1)  The  reactions  take 
place  in  the  presence  of  the  external  stimuli  which  both  evoke  and 
guide  the  movements.  (2)  In  some  cases,  the  stimuli  are  completely 
independent  of  the  reactions,  whereas  in  others,  the  reactions  alter  the 
nature  of  the  stimuli.  (3)  The  stimuli  are  in  a  constant  state  of  flux 
and  demand  therefore  coordinate  variations  in  the  reactions.  (4) 
The  desired  movements  are  not  specified  in  detail  by  the  experimenter 
prior  to  the  test  period,  but  are  determined  more  or  less  continuously 
by  the  stimuli  occurring  during  the  course  of  the  testing.  (5)  Profi¬ 
ciency  is  usually  determined  by  obtaining  a  continuously  integrated 
record  of  the  disparity  between  the  subject's  control  movements  and 
the  movements  which  would  have  resulted  in  a  perfect  performance. 

I4'or  purposes  of  study,  the  continuous-movement  reactions  of  impor¬ 
tance  for  this  report  can  be  divided  into  two  major  classes  which  are 
differentiable  in  terms  of  the  stimulating  conditions  presented  to  the 
subject  and  the  reactions  he  is  required  to  make.  The  two  classes  are 
fallowing -pursuit  reactions  and  compcnsatorg-pursuit  reactions. 

In  following-pursuit  reaction  situations,  the  movements  of  the  stim¬ 
ulus  are  completely  independent  of  any  controlling  actions  performed 
by  the  subject.  As  a  result,  the  physical  aspects  of  the  stimulus  can 
be  accurately  specified  and  controlled.  Here  the  operator  manipu¬ 
lates  certain  control  mechanisms  in  order  to  keep  a  pair  of  cross  hairs 
or  other  indicator  superimposed  upon,  or  adjacent  to,  a  moving  target 
The  displacements  between  the  indicator  and  tho  target,  as  well  as 
the  general  pattern  of  movement  of  the  target,  serve  as  cues  to  the 
operator  to  enable  him  to  follow  tho  target. 


49 


The  compensatory-pursuit  task  differs  from  the  following-pursuit 
in  that  the  subject’s  control  movements  act  to  keep  the  moving  target 
or  indicator  from  drifting  away  from  a  stationary  null  position  rather 
than  acting  to  keep  a  moving  indicator  in  coincidence  with  a  moving 
target.  A  pilot  who  is  flying  by  reference  to  the  artificial  horizon 
alone  is  performing  compensatory-pursuit  movements  of  this  type. 
Thus  the  movements  of  the  control  mechanisms  compensate  for  move¬ 
ments  of  the  indicator  (or  indicators)  from  the  null  position.  Because 
of  this  characteristic,  the  stimuli  received  by  the  subject  from  the  indi¬ 
cator  change  markedly  as  a  function  of  his  reactions.  This  means  that 
the  physical  aspects  of  the  stimulus  situation  differ  from  subject 
to  subject  cannot  be  accurately  controlled  or  easily  measured. 
Furthermore,  the  magnitude  of  the  stimulus  deviations  leading  to  the 
evocation  of  compensatory  movements  is  inversely  related  to  the  level 
of  proficiency  attained;  the  better  the  subject’s  performance,  the 
smaller  the  drifts  of  the  pointer  from  the  null  position.  In  the  case 
of  following-pursuit  tasks,  an  increase  in  proficiency  docs  not  reduce 
the  over-all  movement  of  the  target,  although  it  does  result  in  a 
decrease  in  the  average  distance  separating  the  target  and  the  follower. 

Probably  both  the  following-  and  the  compensatory-type  of  pur¬ 
suit  can,  by  changing  the  stimulus  conditions,  be  converted  into  a  third 
type  which  might  be  called  planned  pursuit.  In  the  planned-pursuit 
task,  the  subject  is  able  to  obtain  information  about  the  kinds  of  reac¬ 
tions  he  will  be  required  to  make  at  some  time  in  the  future.  If  he 
can  sec  the  course  ho  will  be  required  to  follow’  while  he  is  reacting  to 
some  other  portion  of  the  course,  he  will  be  enabled  to  plan  and  to 
anticipate.  The  task  of  landing  an  airplane  under  contact  condi¬ 
tions,  where  the  pilot  can  see  the  airport  and  its  runways  some  time 
before  he  must  make  bis  corrective  movements  is  an  example  of  what 
is  meant  here  by  a  planned-pursuit  task. 

Experimental  procedures. — As  in  the  case  of  serial-movement  reac¬ 
tions,  the  task  set  for  the  subject  in  the  continuous-movement  situation 
is  defined  by  verbal  instructions  and  perhaps  by  the  use  of  preliminary 
practice  trials  in  which  errors  may  be  corrected.  In  the  following- 
pursuit  and  compensatory-pursuit  tasks,  the  particular  movements 
which  must  be  performed  at  each  moment  arc  indicated  by  tho  position 
of  the  moving  target  with  respect  to  tho  position  of  the  follower  or  tho 
location  of  the  zero  point.  Usually  no  specific  instructions  arc  given 
regarding  the  kinds  and  rates  of  movements  to  be  used,  the  subject 
being  free  to  make  whatever  movements  are  most  suitable  for  solving 
the  problem  at  hand.  As  a  consequence  of  these  characteristics,  the 
methods  of  production,  reproduction,  and  recognition  apply  only  to 
the  same  limited  extent  that  has  been  indicated  for  serial  movements. 

Experimental  variables. — The  general  variables  listed  above  apply 
hero,  and  in  addition  the  following:  (1)  Stimulus  characteristics. 


50 


Variations  can  be  introduced  in  the  speed  of  movement  of  the  target, 
direction  of  movement,  amplitude,  path,  conditions  of  illumination, 
design  of  indicating  elements,  etc.  (2)  Control  mechanisms.  This 
includes  the  radius  of  action  of  the  control  levers,  the  type  of  control 
(wheel,  stick,  rudder),  kind  and  degree  of  damping,  pressure  required 
to  operate  controls  (absolute  magnitude,  degree  of  linearity),  number 
of  controls  (whether  in  a  task  involving  several  dimensions  of  move¬ 
ment  several  controls  are  used,  or  only  one) ,  etc.  (3)  Characteristics 
of  the  mechanical  system.  In  addition  to  factors  already  listed  in 
paragraph  4  under  Experimental  Variables  for  Discrete  Movements, 
the  mechanical  system  can  be  varied  to  provide  either  velocity  control, 
direct  control,  or  aided  control.  (4)  Task  characteristics.  The  over¬ 
all  task  can  be  changed  by  increasing  the  number  of  pursuit  tasks 
which  must  be  performed  simultaneously,  by  comparing  foot-operalcd 
controls  with  hand-operated  controls,  by  comparing  the  performance 
of  two  men  in  operating  a  two-dimensional  tracking  device  with  that 
of  a  single  individual,  etc.  (5)  Because  of  the  wide  variety  of  pursuit 
tasks  which  could  bo  designed  and  constructed,  no  general  recom¬ 
mendations  can  be  made  regarding  the  kind  of  apparatus  which  would 
be  suitable  for  the  study  of  continuous  movements. 

SUMMARY  OF  AVAILABLE  LITERATURE  PERTAINING  TO  MOTOR 

ABILITIES 

As  mentioned  in  an  earlier  section  of  this  report,  many  pages  of  the 
psychological  literature  are  devoted  to  studies  of  the  sensory  and  per¬ 
ceptual  abilities  of  human  beings,  but  few  to  fundamental  motor 
ability  as  described  here  (see  Boring  (7),  Woodworth  (65),  and  Tro- 
land  (59)  in  this  regard). 

Historically,  research  related  to  the  area  of  motor  abilities  is  of 
interest.  During  the  latter  half  of  the  nineteenth  century,  research 
on  motor  activity  dealt  principally  with  the  idea  of  the  muscle  sense 
or  kinesthesis.  Studies  conducted  at  that  time  emphasized  the  intro¬ 
spective  and  histological  methods  and  were  directed  almost  solely 
toward  an  analysis  of  the  various  types  of  sensations  arising  from 
movements  of  the  limbs  and  toward  an  attempt  to  discover  tho  specific 
receptors  in  the  muscles,  tendons,  and  joints  which  might  bo  capable 
of  mediating  the  various  sensations.  Reference  may  be  made  hero 
to  the  work  of  Bell,  Fechner,  Goldscheider,  Sherrington,  Tstchener, 
and  others  reported  by  Boring  (7)  and  Troland  (59). 

In  the  early  part  of  the  twentieth  century,  the  work  of  efficiency  • 
experts  such  as  Taylor  and  Gilbrcth  led  to  numerous  studies  of  move¬ 
ment  efficiency  in  industrial  situations.  This  work  has  been  ably  sum¬ 
marized  and  criticized  by  Farmer  (18).  These  studies  were  aimed 
almost  without  exception  toward  the  discovery  of  techniques  for  the 
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elimination  of  waste  motions  and  the  consequent  increase  in  work 
output  per  unit  time.  Considerable  emphasis  was  laid  upon  proper 
posture  and  the  use  of  smooth,  circular,  and  rhythmical  motions. 
Little  information,  however,  was  gathered  about  the  basic  abilities 
involved. 

Stetson  and  his  students  (26,  32,  51,  52,  53,  54,  55)  and  others,  e.  g., 
Davis  (15),  have,  in  recent  years,  made  extensive  studies  of  skilled 
movements.  Through  the  use  of  action-current  recording  devices 
these  investigators  have  been  able  to  specify  accurately  the  particular 
muscle  groups  involved  and  the  phasing  of  their  contractions  with 
respect  to  the  total  movement  cycle.  They  have  not,  unfortunately, 
provided  us  with  data  at  the  macroscopic  level  on  the  gross  character¬ 
istics  of  simple  human  movements. 

A  few  items  of  literature  are  available  concerning  basic  motor  abili¬ 
ties  ns  related  to  equipment  design.  Among  these  may  be  mentioned 
the  work  of  Craik  and  his  associates  (3, 12, 13, 14,  28,  29,  30,  60,  61), 
the  details  of  which  are  given  below,  and  the  work  of  German  investi¬ 
gators  reported  by  Fitts  (19).  A  recent  memorandum  by  Jenkins 
(35)  summarizes  a  number  of  the  problems  on  tho  design  and  use  of 
controls  in  tho  equipment  field. 

In  the  sections  which  follow,  publications  accessible  to  the  authors 
have  been  summarized  under  the  same  organizational  plan  followed 
in  the  earlier  part  of  this  report 

Static  Reactions 

An  examination  of  the  available  literature  indicates  that  a  number 
of  studies  have  been  made  of  treinor-ty  pe  reactions,  but  that  a  majority 
of  these  have  been  somewhat  unsystematic  in  their  approach  to  the 
problem.  No  differentiation  appears  to  have  been  made  between 
tremor  and  drift  reactions  in  this  area  and  tho  latter  typo  of  behavior 
has  not  been  investigated  in  tho  case  of  limbs,  although  investigations 
of  body  sway  are  plentiful  in  the  literature.  Measures  of  tremor  have 
been  mostly  in  terms  of  amount  of  movement  in  inches  or  millimeters, 
or  frequency  of  tremor  reactions  per  second. 

Whipple  (64)  describes  typical  apparatus  for  measuring  steadi¬ 
ness-type  static  reactions  and  summarizes  the  literature  available  in 
192-4. 

Two  examples  of  apparatus  for  studying  tremor  may  be  cited.  In  a 
recent  article,  Edwards  (17)  describes  a  work-adder  type  of  device  for 
recording  finger  tremors  in  three  dimensions.  By  means  of  three 
threads  attached  to  tho  finger,  small  riders  were  caused  to  move  up 
inclined  planes,  one  for  each  dimension.  Tho  positions  of  tho  riders 
on  tho  planes  indicated  the  summated  tremor.  Fossler  (20)  studied 
frequency  of  finger  tremor  by  means  of  a  small  movable  coil  suspended 
in  the  field  of  a  strong  electromagnet,  a  device  developed  by  Travis 
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and  Hunter  (58).  The  current  induced  in  the  coil  was  recorded  by 
a  sensitive  oscillograph  on  motion-picture  film. 

The  results  of  a  number  of  studies  of  the  effects  of  various  factors  on 
steadiness  may  be  summarized  as  follows.  It  might  be  noted  that 
many  of  these  findings  should  be  checked  with  additional  experimen¬ 
tation. 

Great  variations  from  individual  to  individual  and  from  day  to  day 
arc  reported  by  a  number  of  investigators  (17,  20,  64,  66),  although 
Paulsen  (43)  reports  odd-even  reliabilities  of  0.98  and  tcst-rctest  corre¬ 
lations  of  0.73. 

Tremor  appeal's  to  decrease  as  age  increases  from  childhood  to  early 
maturity  (17,64). 

Men  may  exhibit  greater  tremor  than  women,  but  the  evidence  is 
somewhat  equivocal  (16, 17, 64). 

Steadiness  in  maintaining  a  fixed  position  with  a  lever  is  greatly 
increased  by  friction  (12). 

Most  studies  of  the  use  of  visual  cues  in  tremor  reactions  indicate 
that  steadiness  is  improved  with  visual  reference  (12, 17, 44) .  Young 
(66),  however,  found  that  the  use  of  visual  cues  did  not  decrease 
tremor. 

Young  (66)  reports  that  the  greater  the  effort  exerted  in  maintain¬ 
ing  the  fixation,  the  less  the  success  and,  presumably,  the  greater  the 
tremor. 

Praise  and  reproof  have  ambiguous  effects  (16),  with  praise  increas¬ 
ing  the  steadiness  of  women  and  decreasing  that  of  men  and  reproof 
acting  in  the  opposite  fashion. 

Fatigue  decreases  steadiness;  the  rate,  amplitude,  and  irregularity 
of  tremor  oscillations  varies  directly  with  fatigue  (8). 

Exercise  is  reported  (44)  to  decrease  steadiness,  but  according  to 
other  investigators  (16,  17),  exercise  has  small  or  ambiguous  effects. 
Static  and  mental  work  apparently  decrease  steadiness  (44). 

The  amount  of  tremor  decreased  in  Edwards’  study  (17)  as  the  point 
of  limb  support  was  shifted  from  none,  to  elbow,  to  wrist,  and  to 
palm ;  whereas  Fossler  (20)  reports  that  the  point  of  support  has  only 
a  slight  effect. 

Less  tremor  is  found  when  the  subject  is  seated  tlmn  when  he  is 
standing,  and  position  of  the  limb  relative  to  the  body  is  reported  to 
have  appreciable  effects  on  steadiness  (12, 17).  Craik  (12)  found  that 
with  visual  reference,  subjects  were  able,  on  the  average,  to  keep  a 
pointer  on  a  line,  though  oscillations  still  occurred.  Tremor  in¬ 
creased  as  the  hand  was  moved  more  than  8  inches  above  or  below 
t  ho  heart. 

Head  ion-time  is  significantly  shorter  and  variability  smaller  when 
the  stimulus  is  introduced  at  the  top  or  bottom  phase  of  the  tremor 
cycle  (56). 
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Foster  (20)  found  tremor  frequencies  ranging  from  5  to  500  per 
second,  with  roughly  70  percent  lying  in  the  range  from  8  to  SO. 

Subjecting  the  hand  to  heat  (20)  is  reported  to  decrease  the  low 
frequencies  while  cold  tends  to  decrease  the  high  ones. 

Positioning  Reaction* 

Excerpts  from  the  available  literature  which  pertain  to  discrimina¬ 
tion  of  direcliosi  ar.d  discrimination  of  extent  are  summarized  in  the 
following  paragraphs. 

Discrimination  of  direction. — Literature  concerned  with  the  prob¬ 
lem  of  how  accurately  subjects  can  attain  terminal  positions  with  the 
limbs  in  the  absence  of  vision  appears  to  be  nonexistent.  Studies 
involving  the  use  of  vision  have  been  summarized  by  Whipple  (64). 
A  situation  was  employed  in  which  the  subject  struck  a  target  in 
time  with  the  beat-  of  a  metronome  employing  a  ballistic-type  move¬ 
ment.  Accuracy  was  measured  radially  about  the  target.  The  diS- 
cultics  of  controlling  the  type  of  reaction  are  obvious.  The  findings 
suggest  the  following  conclusions:  accuracy  increases  gradually  with 
age,  particularly  in  the  range  of  5  to  S  years;  sex  differences  are  net 
appreciable;  normative  data  indicate  that  mean  error  for  college 
subjects  is  about  4— G  mm.,  with  a  range  of  3-9  mm.;  the  performance 
of  the  right  and  left  hands  correlates  0.54. 

A  study  has  been  completed  recently  by  Fitts  which  yields  informa¬ 
tion  concerning  the  ability  of  individuals  to  locate  equidistant  targets 
with  their  hands  in  the  absence  of  direction  vision  (see  ch.  15). 

The  work  of  McNeill  (37)  in  France  concerning  the  form,  dispersion, 
and  speed  of  trajectories  of  hitting  movements,  performed  both  with 
and  without  the  aid  of  vision,  appears  to  bo  relevant  here,  but  the 
original  material  was  not  available  at  the  time  of  writing. 

Discrimination  of  extent.—' The  available  literature  with  regard  to 
this  problem  13  somewhat  more  voluminous  than  that  for  discrimina¬ 
tion  of  direction.  The  findings  may  be  summarized  as  follows: 

When  visual  corrective  cues  arc  not  employed,  short  distances  tend 
to  bo  overestimated  (45).  Tim  use  of  vision  increases  the  accuracy  of 
performance  appreciably  (1, 45). 

The  use  of  a  pointer  held  in  the  hand  results  in  a  tendency  for  extents 
to  bo  underestimated  as  compared  with  judgments  of  the  same  extents 
with  the  finger  (9).  Presumably  vision  was  not  employed. 

A  finding  indirectly  relevant  is  that  size  of  objects  judged  by  touch 
or  manipulation  is  smaller  than  that  judged  by  vision  (4, 11).  The 
judgment  without  visual  corrective  cues  appears  to  depend  on  the  esti¬ 
mation  of  the  length  of  the  sides  or  diameter  involved  (11). 

Somewhat  equivocal  experimental  evidence  obtained  by  Weber  (62) 
and  W  cber  and  Dalletibach  (63),  suggests  that  extents  are  underesti- 
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mated  when  the  subjects  movements  are  impeded  by  frictional  resst- 
isce.  ^ 

llobinson  and  Kschanlsan-Kobinson  (4S)  studied  the  ability  of  SI 
tremor.  undergraduates  to  draw  lines  varying  la  length  from  6  to  33 
centimeters  In  steps  of  3  centimeters.  Corrected  odd -even  correlations 
were  computed  among  the  sets  of  reproduced  lengths.  The  correla¬ 
tions  were  highest  between  lines  of  the  same  approximate  length  and 
decreased  in  a  roughly  linear  fashion  as  the  magnitude  of  the  differ¬ 
ence  between  the  correlated  lines  increased.  TI:e  range  of  correlations 
was  from  0j2S  to  0.35. 

Moresarat  Reactloss 

A  few  scattered  studies  arc  available  in  the  literature  which  deal 
directly  with  movement  reactions.  The  reports  of  investigations  avail¬ 
able  to  the  writers  are  summarized  fcdcw  according  to  the  categories 
of  discrete  movements,  repetitive  movements,  serial  movements,  arid 
continuous  movements. 

Discrete  mccczienis. — With  regard  to  the  rate  with  which  discrete 
movements  can  be  made  and  the  variables  affecting  this  rate,  the 
following  statements  may  be  made. 

Beeler  (5)  found  tint  rate  c£  movement  with  a  control  slide  was 
greater  for  push  than  for  pull;  maximum  rates  increased  both  with  a 
decrease  in  maximum  slick  force  and  an  increase  in  maximum  stick 
displacement;  and  maximum  rates  with  zero  force  were  251  in. /sec. 
for  posh  and  140  in-/sec.  for  pulL  Ifertei  (27) ,  however,  reports  con¬ 
siderably  lower  figures.  He  also  states  that  the  rate  cf  movement  of 
the  feet  is  less  than  that  of  the  hands. 

An  investigation  of  sale  as  a  function  of  loading  indicated  that  the 
former  decreased  directly  with  the  latter  (35).  Maximum  velocities 
of  the  hand  averaged  139  in. /sec. 

Glanville  and  Kreezer  (23)  found  that  the  left  arm  could  bo  moved 
more  rapidly  than  the  right,  flexion  movements  were  slower  than 
extension  movements,  and  averaged  velocity  was  about  0.45°  per  milli¬ 
second. 

_  Researches  by  Montpellier  (40)  dealt  with  acceleration  as  a  func¬ 
tion  of  time.  Subjects  were  required  to  move  objects  from  cue  place 
to  another  with  rapid  and  slow  movements.  Among  other  findings, 
it  was  noted  that  there  was  a  continual  variation  in  acceleration,  i.  a, 
the  speed  of  the  movement  was  not  constant  at  any  one  point,  and  that 
the  maximum  acceleration  was  located  usually  in  the  first  and  last 
quarters  of  the  movement. 

With  regard  to  force  as  a  variable  operating  in  discrete  movements 
tho  following  studies  apply.  The  maximum  push  esertabio  on  a  foot 
pedal  has  been  studied  as  a  function  of  the  position  of  the  pedal  rela¬ 
tive  lo  the  seat  (33).  It  was  found  that  maximum  push  could  be 
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exerted  when  the  position  of  the  pedal  was  such  that  the  angle  of  tbs 
lower  leg  with  respect  to  the  thigh  was  165°.  The  maximum  force 
exerted  by  OS  subjects  when  seated  averaged  700  pounds,  with  6  sub¬ 
jects  pushing  over  900  pounds.  In  addition  it  was  found  that  with  a 
knee  angle  of  165°,  maximum  pash  could  be  exerted  when  the  foot 
pedal  at  the  end  of  its  travel  was  in  such  a  position  that  the  line  of 
the  subject’s  thigh  was  20®  above  the  horizontal. 

Hertel  (27)  reports  that  the  maximum  forces  which  can  be  exerted 
on  airplane  controls  are  as  follows:  (1)  Elevator  operation  of  a 
stick:  two-handed  push,  220  pounds;  two-handed  pull,  IS5  pounds; 
one-handed  pall  or  push,  130  pounds.  (2)  Aileron  operation  of  a 
slide:  two-handed  push  or  pall,  50  pounds;  one-handed  push,  40 
pounds;  one-handed  pull,  35  pounds.  (3)  Aileron  operation  of  a 
wbecl-typ*  control:  two-handed  turning;  G2  pounds.  (4)  Budder 
pedal  operation:  pushing  with  1  foot,  476  pounds.  Gough  and  Beard 
(24)  report  comparable  values  for  a  stick-type  control. 

Hide  (29)  studied  the  ability  to  apply  incremental  and  decrement*! 
forces  to  relatively  constant  basic  forces  in  a  nearly  isometric  situation 
involving  a  hand  control.  Increments,  positive  or  negative,  super- 
added  to  a  steady  muscular  force  had  their  means  shifted  in  the  direc¬ 
tion  of  overshooting,  as  compared  with  the  condition  cf  no  or  small 
bssic  force.  This  oveislscc!  rag  was  most  marked  with  relaxations  from 
a  steady  pulL  The  shift  of  the  mean  was  of  the  order  of  5  to  15  per¬ 
cent  for  a  base  force  of  4  pounds.  Jenkins  has  found  that  Weber’s 
law  holds  from  about  10  to  40  pounds  in  &  situation  requiring  pressure 
to  be  exerted  on  an  approximately  isometric  stick-type  control  (see 
ch.  22).  Below  10  pounds,  relative  accuracy  decreased  rapidly. 
Absolute  accuracy  increased  in  a  roughly  linear  fashicn  from  1  to 
40  pounds. 

Findings  of  studies  concerned  with  the  path  or  form  of  discrete 
react  ions  may  be  summarized  as  follows:  It  has  been  found  that  coun¬ 
terclockwise  rotation  for  the  right  hand  is  more  accurate  in  a  situation 
involving  the  drawing  of  circles,  spirals,  and  the  like  (47).  This  find¬ 
ing  held  for  both  right-  and  left-handed  individuals  whereas  the 
ojq>osito  tendency  appeared  for  the  left  hand. 

Gcmelli  (21,  22)  found  that  the  movements  of  subjects  who  were 
requested  to  trace  complicated  figures  on  a  flat  surface  were  composed 
of  a  series  of  discrete  movements.  The  frequencies  of  these  step-wise 
discontinuities  ran  parallel  to  the  square  root  of  the  angular  velocity. 
Practice  resulted  in  a  decrease  in  errors  and  the  acquisition  of  more 
characteristic  form  by  the  movement.  As  the  movement  became  more 
precise,  the  number  of  discontinuities  became  progressively  greater. 

Montpellier  (30)  reports  the  existence  of  a  conflict  between  least 
effort  and  the  tendency  toward  exact  reproduction  of  the  model  in  a 
tracing  problem. 
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Graphic  records  made  bj  Stetson  (52)  of  besting  movements  'with  * 
baton  showed  a  rounded  point  at  the  end  of  the  up  strobe  as  compared 
with  a  sharp  point  at  the  end  of  the  down  stroke. 

Hsiao  (31)  studied  the  ability  of  children  to  trace  between  two 
parallel  lines  of  four  different  lands.  The  results  indicated  that 
curved  movements  were  easier  tlian  horizontal  or  vertical  movements, 
and  regular  movements  were  easier  than  irregular  ones. 

Be  pel  Hive  reactions.— The  literature  on  repetitive  reactions  appears 
to  be  moderately  voluminous  although  many  of  the  studies  are  not 
directly  pertinent  to  the  design  of  equipment  Some  studies  involving 
the  task  of  tapping  were  available.  Findings  of  experiments  in  this 
area  are  listed  below  along  with  a  few  oilier  available  items  that 
pertain  to  the  design  of  equipment. 

Wide  individual  differences  have  been  reported  in  tapping  rate 
along  with  relatively  constant  individual  performances  (1C^  38,  SI). 
The  maximum  ranged  from  S  to  13  per  second  after  practice,  accord* 
ing  to  Von  Kries  as  reported  by  Bryan  (10). 

Bate  of  tapping  do?s  not  appear  to  be  a  function  of  the  distance 
covered  within  the  range  of  1  to  40  millimeters  (10).  Bryan  (10) 
reports  the  highest  tapping  rate  for  an  excursion  of  20  millimeters. 

Bryan  (10)  reports  tliafc  the  highest  rate  is  for  free  lapping,  next 
greatest  for  tapping  with  wrist  and  elbow,  and  slowest  for  the  middle 
and  outer  joints  of  the  forefinger.  Whipple  (Si)  reports  the  highest 
rate  when  the  movement  is  performed  by  the  elbow  joint.  Tinker  and 
Good  enough  (57)  report  that  in  children  and  adults  tine  index-  and 
middle-finger  tapping  scores  are  approximately  the  same,  the  litUa 
finger  is  slower  tlian  the  other  fingers,  and  bimanual  tapping  is  slower 
tlian  unimanual.  Tapping  with  any  finger  correlates  well  with  tap¬ 
ping  of  any  other  finger. 

Bate  of  tapping  with  all  joints  increases  directly  with  ago  from  5  to 
1G  years  in  a  sample  of  789  school  children  (10). 

When  subjects  arc  required  to  accelerate  at  their  own  pace  they  do 
it  in  steps,  with  Weber’s  law  holding  for  the  relation  between  successive 
steps  (34). 

When  subjects  are  allowed  to  top  at  their  preferred  rate  this  ranges 
from  1.5  to  5.0  taps  per  second  (38). 

When  a  different  rythm  is  introduced  and  the  subject  is  then  required 
to  return  to  liis  preferred  rate,  it  is  found  that  the  latter  is  changed 
in  thcdirection  of  the  introduced  rate  whether  faster  or  slower  (38*46). 

Small  correspondence  is  found  between  the  tapping  scores  of  children 
obtained  with  hand  and  arm  unrestrained  and  with  hand  and  arm 
restrained  (57). 

Bcder  (6)  reports  that  interpolated  activity  of  the  same  or  opposite 
arm  and  hand  minces  speed  of  tapping,  changes  the  pattern,  and 
reduces  the  excursion. 


57 


Hick  (28)  reports  that  friction,  as  might  be  expected,  reduces  the 
speed  of  repetitive  winding  movements. 

Pacaud-Korngohl  (42)  found  that  in  turning  cranks  in  the  hori¬ 
zontal  and  vertical  planes  with  various  combinations  of  directions 
for  the  two  hands  operating  simultaneously,  coordinated  action  of 
both  lands  was  usually  slower  than  movements  of  a  angle  hand. 
Horizontal  movements  of  one  hand  were  net  slowed  appreciably  by 
vertical  movements  of  the  other  hand,  but  vertical  movement  of 
one  hand  was  retarded  by  horizontal  action  of  the  ether  hand. 

In  studying  rhythmical  movements,  Stetson  (52)  required  subjects 
to  make  up  and  down  beating  movements  with  a  baton  at  the  fastest 
possible  rale.  The  velocity  of  the  down  beat  was  about  two  or  three 
times  as  great  as  that  of  the  back  stroke.  The  velocity  of  the  beat 
stroke  was  dependent  on  the  length  of  the  stroke,  but  not  on  the 
tempo  of  the  rhythm.  The  duration  of  the  beat  stroke  was  strik¬ 
ingly  uniform  and  was  independent  of  either  the  tempo  or  the  length 
of  the  stroke.  Introduction  of  an  obstacle  against  which  the  limb 
struck  at  the  end  of  the  stroke  did  not  appear  to  alter  the  character 
of  the  stroke. 

Serial  reactions* — Typical  samples  of  studies  of  serial  reactions  are 
available  in  the  literature  pertaining  to  industrial  time-and-motion 
investigations  such  as  those  described  by  Barnes  (2)  and  Farmer  (18). 
Most  ef  these  studies  have  been  concerned  with  the  analysis  of  per¬ 
formance  in  a  particular  position  with  a  view  to  increasing  output. 
Barnes  and  his  associates  have  investigated  such  items  as  simul¬ 
taneous  symmetrical  and  asymmetrical  hand  motions,  hut  unfortu¬ 
nately  iho  original  reports  were  not  available  to  the  authors  at  the 
time  of  writing.  From  the  literature  available  it  appears  that  system¬ 
atic  researches  have  not  been  conducted  on  the  effect  of  the  vari¬ 
ables  listed  in  an  earlier  section  of  this  report  on  serial-typo  motor 
activity. 

Continuous  reaction .t. — The  literature  on  the  effect  of  a  number  of 
factors  upon  continuous  reactions  is  summarized  below. 

In  a  study  of  tho  effect  of  asymmetrically  placed  aircraft  controls, 
Iloncyman  and  Tallop  (30)  found  that  in  a  three-dimensional  com¬ 
pensatory-pursuit  task,  offsetting  the  control  column  to  fcho  left  pro¬ 
duced  a  tendency  to  pull  it  to  the  right  and  vico  versa.  When  the 
rudder  was  displaced  to  the  left  of  the  central  position  there  was  & 
tendency  to  give  right  rudder.  They  conclude  that  if  an  unusual 
posture  is  required,  movements  of  control  becomo  less  well  adapted. 
Fatigue  or  stress  may  produce  even  more  marked  deterioration, 

Vince  (60)  has  studied  the  relation  between  the  direction  of  move¬ 
ment  of  (lie  control  handle  and  the  direction  of  movement  of  the 
display  pointer.  In  general,  errors  in  the  “unexpected”  direction 
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were  statistically  greater  than  those  made  in  the  “expected”  direc¬ 
tion.  The  difference  between  the  two  directions  was  found  to  be  re¬ 
lated,  however,  to  the  time  interval  between  reactions.  When  only 
one  reaction  was  required  every  4  seconds,  the  numbers  of  errors  in 
the  two  directions  were  about  equal.  At  intervals  of  less  than  1 
second,  however,  the  errors  with  the  “unexpected*  connection  rose 
to  more  than  twice  the  number  with  the  “expected5*  connection. 
When  the  direction  of  control  was  reversed  in  the  middle  of  x  series 
of  trials,  some  of  the  subjects  did  not  notice  the  change.  The  sub¬ 
jects  made  fewer  subsequent  errors  than  those  who  did  notice  the 
change. 

Vince  (61)  reports  that  in  tracking  a  varying  course  with  linear  and 
nonlinear  control  levers,  no  consistent  difference  was  found  between 
errors  under  the  two  conditions.  Also  the  learning  curves  did  not 
appear  to  be  affected  by  the  change  from  linear  to  nonlinear  and  vice 
versa.  However,  when  linear  and  nonlinear  levers  were  used  in  cor¬ 
recting  large  misalincments  of  a  display  pointer,  the  difference  in 
favor  of  the  linear  lever  was  statistically  significant.  In  general,  a 
sudden  change  in  direction  produced  marked  errors  with  the  nonlinear 
lever.  Practice  tended  to  make  performance  with  a  nonlinear  lever 
almost  as  good  as  that  with  linear. 

Craik  (13)  found  that  in  positional  laying  of  constant-speed  courses, 
lack  of  clarity  of  the  display  introduced  errors  of  unusually  long 
period.  A  slight  acceleration  increased  the  magnitude  of  tho  errors 
greatly  as  compared  with  a  constant  speed  course.  Craik  lists  the  fol¬ 
lowing  factors  as  of  importance  in  affecting  accuracy  of  movement  in 
a  tracking-type  situation:  limb  employed,  mean  position  of  the  limb 
and  its  point  of  support,  amplitude  of  movement  required,  force  re¬ 
quired,  and  direction  of  movement.  No  clear-cut  data  bearing  on 
these  points  were  presented. 

Craik  and  Vince  (14),  in  studies  of  psychological  and  physiological 
aspects  of  gun-control  mechanisms,  attempted  to  analyzo  the  nature 
of  the  errors  obtained  on  constant-speed  courses.  In  tho  early  stage* 
of  learning,  the  errors  resembled  damped  oscillations.  As  learning 
progressed,  tho  oscillations  about  the  correct  course  became  approx¬ 
imately  constant  in  amplitude  and  period;  and  in  tho  final  stages  of 
learning,  the  subject  anticipated  more,  moved  his  control  more 
smoothly,  and  only  occasionally  relapsed  into  the  oscillatory  typo  of 
reactions.  On  variable-speed  courses,  tho  oscillations  were  about 
t\\  ice  as  rapid  as  on  const ant-speed  courses,  the  difference  being  highly 
significant  statistically.  Laying  accuracy  was  not  improved  by 
spring-centering  of  the  twist-grip  type  controls,  nor  by  varying  the 
amplification  of  the  control  in  a  ratio  of  1.0:1. 


Inierrelaiions  Among  Meter  Reacttat* 

Several  investigations  have  been  concerned  with  the  relationships 
among  a  number  of  motor  abilities.  The  available  reports  may  be 
summarized  as  follows. 

Harrison  and  Do  reus  (23)  required  50  subjects  to  perform  a  number 
of  different  movements  at  their  own  chosen  rates,  with  the  purpose 
of  the  cxjreriment  being  camouflaged.  Results  of  the  timing  of  these 
performances  indicate  that  (1)  there  is  no  unitary  speed  trait  which 
is  characteristic  of  various  spontaneous  movements  or  motor  adjust¬ 
ments  of  an  individual,  and  (2)  individuals  tend  to  perform  at  a  fairly 
constant  rate  from  one  time  to  another. 

Pacauu  (41)  concludes  that  a  basal  relationship  exists  among  an 
individual’s  several  reaction  times  for  arm  movements,  whether  in  the 
circular-horizontal  or  circular-vertical  plane  and  whether  isolated  or 
variously  coordinated.  A  particular  reaction  time,  however,  is  in 
reality  representative  only  of  those  movements  of  the  same  nature. 

It  is  misleading  to  speak  of  ah  individual's  general  reaction  time, 
nor  is  ii  satisfactory  to  accept  the  reaction  time  of  one  group  of  move¬ 
ments  as  a  general  motor  characteristic  of  the  individual. 

Seashore  and  associates  (49,  50)  have  carried  out  extensive  corre¬ 
lational  and  factorial  analyses  of  individual  differences  in  sensoiy 
motor  coordinations.  Evidence  was  found  for  the  existence  of  cer¬ 
tain  group  factors  or  areas  within  which  tests  were  at  least  moder¬ 
ately  related.  Examination  of  the  nature  of  these  groupings  of  tests 
showed  that  the  boundaries  of  the  groups  usually  cut  across  those  of 
(1)  specific  musculature  and  (2)  specific  sense  fields.  Tlius,  the  vari¬ 
ous  skilled  actions  of  a  given  musculature  were  not  found  to  be  signi¬ 
ficantly  correlated,  but  similar  skilled  actions  of  different  muscu¬ 
latures  were  closely  correlated.  Similarly,  the  various  skilled  actions 
involving  a  given  sense  field  were  not  ordinarily  correlated,  but  similar 
skilled  muscular  reactions  involving  different  sense  fields  were  usually 
at  least  moderately  correlated.  In  general,  the  factors  correspond 
to  qualitative  similarities  in  the  pattern  of  action  and  not  to  basic 
biological  constants  of  sense  field  of  musculatures. 
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CHAPTER  FOUR _ 

The  Relative  Effectiveness  of 
Presenting  Numerical  Data  by  the 
Use  of  Tables  and  Graphs1 

Launor  F.  Carter 


INTRODUCTION 

The  flight  engineer,  bombardier,  and  navigator  must  frequently 
refer  to  different  mathematical  functions  in  performing  their  flight 
duties.  Since  these  numerical  functions  are  usually  presented  in 
either  graphic  or  tabular  form,  it  is  desirable  to  reduce  the  degree  of 
error  found  in  their  use  by  determining  the  best  means  of  presenting 
these  relationships.  The  Flight  Data  Branch,  of  iho  Aircraft  Projects 
Section  requested  the  Aero  Medical  Laboratory  to  study  this  problem 
and  recommend  the  best  methods  for  presenting  data  for  use  by  air¬ 
crew  members. 

There  are  a  number  of  different  factors,  such  as  type  size,  grouping 
of  data,  selection  of  units  for  the  axes  of  graphs,  and  relationship  of 
lines  to  whitespace,  which  should  bo  investigated,  but  the  fundamental 
purpose  of  this  study  was  to  compare  the  relative  efficiency  with  which 
data  presented  in  tables  and  graphs  can  be  used.  It  is  dcsirablo  to  be 
able  to  recommend  that  given  types  of  data  for  certain  uses  be  pre¬ 
sented  by  resort  to  tabular  or  graphic  techniques. 


EXPERIMENTAL  PROCEDURE 


To  present  comparable  data  in  graphic  and  tabular  form,  a  table 
and  a  graph  for  each  of  the  following  equations  was  prepared.  The 
form  of  the  material  presented  was  as  follows: 

Table  I  and  graph  I,  y=1.2x 


Table  II  and  graph  IT,  y= 


x* 

100 


’Tills  chapter  l»  based  upon  research  finding*  rrported  In  Headquarters  AMC,  Enjtlnoar- 
!••£  Oh  Mon  Memorandum  Reports  Nm.  TSPAA  fO-t-l  and  TSEAA-6S4-3C. 
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The  master  copies  of  llic-  tables  were  typed.  Tlie  graphs  were  drawn 
with  India  ink.  These  master  copies  were  then  photographed  and  2D 
glassy  prints  of  each  table  ar.d  graph  were  made.  Answer  sheets  were 
drawn  up  requiring  the  subject  to  write  down  the  result  to  the  argu¬ 
ments  given  in  cadi  item.  For  the  simple  tables  and  graphs  the 
subjects  were  required  to  give  answers  both  where  the  arguments  were 
tabulated  and  where  interpolation  was  required.  For  the  tables  and 
graphs  presenting  families  of  data,  the  subjects  were  required  to  work 
with  arguments  for  tabulated  values,  and  with  arguments  requiring 
both  single  interpolation  and  double  interpolation.  Identical  prob¬ 
lems  were  presented  for  both  the  tables  and  graplis  but  the  order  of 
problems  within  a  series  was  randomized  so  that  the  subjects  would 
not  recognize  that  they  were  working  the  same  problems.  Each 
subject  worked  problems  using  each  tabic  and  each  graph.  Th* 
-  material  was  presented  in  the  following  order:  table  I,  graph  I,  graph 
II,  table  H,  table  III,  graph  III,  graph  IV,  table  IV.  Time  limits 
were  established  so  that  none  of  the  subjects  were  able  to  complete  all 
the  problems  presented.  The  time  limits  used  for  each  part  were  ss 
follows: 


Tabulated  raluM 

Slnrle  Inter* 
jioUtloa 

DwiMo  In*  '*■ 
polslVja 

TlVjf-l-1  . 

1  ■  *  t  .  1 1  ^rji>h  II . 

I  ns.  co  i . 

1  rn.  CO  f . . 

Jm . 

4  to. 

4  m. 

p"  'll  •ilmpb  III . 

I  III.  42  t . 

4  a.. . 

1  IV  .tid  grnjih  IV . 

1  13.  IS  * . . . 

4  m . 
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Before  the  material  was  »dmini>lercd  the  method  of  entering  each 
table  and  graph  was  explained.  The  subjects  were  also  given  a  short 
review  of  the  techniques  of  single  and  double  interpolation. 

With  this  material,  it  was  possible  to  investigate  whether  tabular 
or  graphical  presentation  is  superior  for  linear  and  curvilinear  data, 
for  single  sets  of  data  and  for  families  of  data,  snd  which  is  superior 
when  the  subjects  are  required  to  enter  the  table  with  tabulated  values 
and  when  they  are  required  to  interpolate  by  using  nontabulated 
arguments. 

RESULTS 

The  results  of  administering  this  material  to  27  subjects  (26  pilots 
and  1  navigator)  were  analyzed  from  two  points  of  view:  speed  and 
accuracy.  The  measure  of  speed  used  was  simply  the  number  of 
problems  completed  in  a  given  time,  but  several  measures  of  accuracy 
were  used.  Tabic  4.2  shows  the  results  of  the  administration  when 
analyzed  for  number  of  problems  completed.  Figure  4.2  shows  the 
average  number  of  problems  completed  per  minute  when  using  the 
tables  snd  graphs. 

From  table  4.2  and  figure  4.2  it  is  quite  evident  that,  as  far  as  speed 
of  use  is  concerned,  the  table  is  superior  to  the  graph  whenever  the 
arguments  used  in  entering  the  table  are  tabulated,  but  that  when  the 
arguments  are  nontabulated,  the  graphical  presentation  is  superior. 
In  all  cases  the  difference  between  the  performance  on  the  table  and 
on  tha  graph  is  so  great  that  the  statistical  probability  is  less  than 
one  in  a  thousand  that  the  direction  of  these  differences  would  be 
changed  if  the  experiment  were  repeated  on  a  similar  group  of  men. 


Tabix  4.2. — ifean,  standard  deviation,  and  significance  of  difference  between 
tabic*  and  graphs  in  terms  of  the  number  of  problems  completed 

fK-»i 


Mean  nooiber 
coin  pit  ted 

Standard  drrUtfcs 

cat 

i 

Table 

j  Graph 

Tab!* 

Graph 

TlSlXaTSO  TALI' IA 

T»bli  f  and  craph  I . . 

2S.41 

1104 

18 

106 

158 

Tat.!*  II  in<!  criph  I! . 

3182 

1152 

4.41 

Table  l!I  an.]  rraph  lit . 

23.01 

11.67 

14S 

166 

14.44 

Table  IV  and  srsyh  IV . 

2a  52 

9.44 

3.28 

in 

71. 7» 

fINOLK  iNTJCftrOL4T231C 

Table  I  fern!  rraph  l . 

1167 

21 M 

5.42 

4.04 

S.  18 

Table  If  and  rraph  II . 

ia5j 

3119 

x:o 

3.00 

1566 

Table  HI  and  rraph  111 . 

11  iS 

17.30 

3.31 

iW 

541 

Table  IV  and  rraph  IV . j 

ia:« 

17.41  | 

165 

4.71 

8.95 

PorainNT**rounox 

I 

Table  It!  and  xr»l*  II! . 

174 

14.22 

5.27  ! 

11.25 

Table  IV  and  graph  IV . 

lU 

i 

15.07 

529 

11.07 

*  Ttirr*  rritlral  r*ti>.»  *er*  computed  l>y  the  tec’ » l.pie  .Irttrlbt-I  on  np.  165  tf.  of  Prterj,  C.  C.  and  Van 
V«fhts,  W.  H.,  iSthUktl  pio/ctutti  **i  IX/lr  r.  batti.  New  York:  McGrtw-HUl  Book  Co. 
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Frobla ia  for  which  Tabulated  Value*  Are  U**4 

T«bl«  I  r~~~ - - - -  1  -■  — - - - — r~— a 

Crash  I  t.  -  -  .  .  .  ..  .  i  - - - - 


Problems  for  IShich  Single  Interpolation  I*  Us#d 
Table  I  r-" - 

craph  i  czzrrr: - i 

Table  li  rrr-r—Ji _ 

Graph  II  C— 1— ' 5 

Table  III 
Graph  III 

Table  IF  l*1-"  1  wr\ 

Crash  IT  . =3 


Froblass  for  fthlch  Double  interpolation  K  Ca*4 


Table  III 
Graph  III 


Table  IF 
Creph  IF 


Problena  Conpletcd  For  Ulnute 


Figure  -i^L  Relative  speed  in  obtaining  Information  from  tables  ami  from  graphs. 

The  criterion  for  accuracy  is  not  as  clear  cut  as  is  that  for  speed. 
A  number  of  smttll  errors  may  not  be  as  serious  as  one  or  two  large 
errors.  Table  4.3  shows  the  number  of  errors  made,  the  average 
magnitude  of  these  errors,  and  the  average  magnitude  of  the  errors 
in  terms  of  the  total  number  of  problems  attempted.  In  all  cases  an 
error  is  any  answer  which  differs  from  the  correct  answer  by  one  or 
more  units. 

It  was  not  thought  wise  to  compute  more  elaborate  statistics  for  tho 
•  rror  data  since  the  distributions  were  very  skewed,  being  almost  J 
shaped. 

A  second  measure  of  accuracy  is  the  percentage  of  problems  at* 
tempted  for  which  the  answer  was  in  error.  Table  4.4  shows  the  per* 
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Table  -I 2, — X umber  of  error*  and  their  ccerege  magnitude 


TcUJ  number 
of  errata 

Attract  Tain* 
of  each  error 

Astras*  rtiat  «f 
taeh  error  per 
problem  com¬ 
puted 

TabU 

Graph 

TabU 

Graph 

TabU 

Graph 

ik*  cut  id  TAitru 

TabU  1  and  paph  I . . . 

3 

57 

7.00 

200 

3.02 

8.21 

Table  t!  tod  craps  It . . . 

4 

52 

5.75 

0.65 

.02 

LOS 

TabU  lit  and  paph  III . 

12 

65 

M2 

5.9* 

.19 

1.21 

Table  IV  and  pa**  IV. . 

21 

131 

1263 

4.36 

.53 

28* 
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244 

202 

.54 

.68 

Table  11  and  paph  11 . 
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XCO 
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Table  III  and  cm*  111 _ _ 
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in 
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4.56 
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TabU  IV  and  paph  IV . 

w 
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TabU  III  and  paph  HI . 

44 

267 

12C2 

271 

7.47 

L*i 

TabU  IV  and  paph  IV. . . 

SI 

360 

a.  ii 

29# 

4.34 
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Table  4.4. — Percentage  error  in  vtlng  tabic «  and  graph * 


Number  of  errors  di¬ 
vided  by  tola!  com- 
pitted  x  100 

Number  of  errors  pcatar 
than  ona  divided  by 
total  computed  s  100 

TabU 

Graph 

TabU 

Graph 

TABULATXD  TALC U 

TabU  I  and  traph  1 . 

as 

ias 

as 

20 

Table  II  and  cr«I>h  II . 

.3 

15.4 

.3 

25 

TabU  HI  and  (traph  III . 

23 

2a  6 

20 

7.S 

TabU  IV  and  paph  IV . 

4.2 

47.5 

24 

125 

S1NOLK  IXrXtTOLATXlX 

TabU  I  and  paph  I . 

21.9 

29.6 

7.3 

4.1 

Tab!#  II  and  craph  II . 

27.5 

42  7 

12  3 

11.7 

Tab!#  Ill  and  paph  115 . 

39.6 

41.1 

20.8 

15.2 

TabU  IV  and  paph  IV . 

326 

71.9 

18.9 

29.4 

DOUBLE  ISTXKTOUTIOX 

Table  III  and  paph  HI . 

Tabic  IV  and  paph  IV.. . 

622 

69.5 

49.  S 

2L0 

71.8 

*8.4 
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centago  error  in  terms  of  the  number  of  problems  attempted  and  also 
tho  percentage  error  where  the  error  was  greater  than  one  unit.  This 
latter  statistic  is  given  since  in  graphs  II,  III,  and  IV  the  smallest 
division  on  tho  ordinate  of  tho  graph  represented  two  units  and  it  is 
not  reasonable  to  expect  tho  answer  to  bo  correct  within  less  than  one 
unit 

The  data  in  table  4,3  and  table  4.4  support  the  same  conclusions  re¬ 
garding  tho  accuracy  with  which  the  material  is  used  when  presented 
in  graphic  and  tabular  form.  It  is  apparent  that  when  the  tables  are 
entered  with  tabulated  values  wo  find  tho  table  to  bo  superior  to  the 
graph  in  both  speed  and  accuracy.  On  the  other  hand,  whenever  the 


tabic  cannot  be  entered  directly  and  some  type  of  interpolation  must 
be  used,  the  data  gathered  from  the  graph  is  just  as  accurate  and  per¬ 
haps  more  accurate  than  that  gathered  from  the  table.  With  tho 
graph  a  large  number  of  errors  are  made  but  they  are  usually  very 
small  errors. 

It  seems  apparent  that  when  relatively  accurate  answers  are  required 
and  it  is  not  possible  to  tabulate  all  the  values  that  will  be  used,  tho 
material  should  be  presented  in  graphic  form.  On  the  other  hand,  if 
speed  is  essential  and  some  accuracy  can  be  sacrificed,  it  seems  better  to 
have  tho  material  presented  in  tabular  form  and  not  to  require  any 
interpolation  by  allowing  all  entries  to  be  made  with  the  nearest  tabu¬ 
lated  argument. 

FURTHER  RESEARCH 

The  results  reported  above  suggest  that  further  research  should  bo 
dono  to  determine  the  best  composition  of  graplis  and  tho  best  length 
for  tables.  As  was  demonstrated,  a  table  can  be  used  more  rapidly 
and  accurately  than  a  corresponding  graph  when  the  arguments  used 
in  entering  the  table  are  tabulated.  However,  when  tho  argument* 
used  are  such  as  to  require  interpolation  in  the  table,  its'uso  is  slower 
than  is  tho  use  of  tho  graph.  This  suggests  that  it  may  bo  possible  that 
a  table  in  which  all  of  the  unit  values  are  tabulated  can  bo  used  more 
rapidly  than  a  graph  since  there  will  be  no  need  for  interpolation  with 
such  a  table.  Of  course  such  a  table  is  more  complicated  to  construct 
and  may  have  ten  or  twenty  times  more  pages  than  the  corresponding 
graph.  If  such  a  table  is  too  cumbersome,  then  a  table  in  which  every 
other  point  is  tabulated  might  be  superior  since  most  of  the  arguments 
would  bo  tabulated  and  those  which  were  not  would  require  only  the 
simplest  interpolation:  that  is,  interpolation  exactly  halfway  between 
two  tabulated  values. 

It  is  also  possible  that  tho  composition  of  graphs  may  bo  improved. 
Perhaps  graphs  in  which  the  coordinate  lines  are  spaced  further  apart 
would  bo  read  more  rapidly  and  just  as  accurately  as  those  in  which  tho 
coordinate  lines  arc  closer  together.  It  also  seems  possible  that  graphs 
should  be  entered  on  the  y-axis  rather  than  on  tho  se-axis  as  is  tradi¬ 
tionally  done.  All  of  our  reading  habits  involve  reading  from  left  to 
right  and  from  the  top  of  the  page  down,  but  tho  traditional  methodi 
of  entering  graphs  requires  reading  from  the  bottom  up  ami  often  from 
right  to  left. 

To  investigate  these  different  possibilities,  a  second  experiment  was 
designed.  In  an  attempt  to  determine  the  optimal  number  of  tabulated 
points  in  a  table  three  different  tables  have  been  constructed:  ono  in 
which  every  fifth  point  in  the  major  argument  and  every  tenth  point  in 
the  minor  argument  is  given,  another  where  every  second  point  is 
given  for  both  arguments,  and  a  third  with  every  point  given.  Three 
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graphs  ha*e  been  constructed  in  which  the  distance  between  the  co¬ 
ordinate  lines  has  been  varied ;  one  graph  is  drawn  on  20  x  20  lines- to- 
thc-inch  graph  paper,  another  on  8  x  8  graph  paper,  and  the  third  on 
4x4  graph  paper.  Finally  one  graph  has  been  constructed  on  20  x  20 
graph  paper  in  which  the  independent  variable  is  plotted  on  the  y-axis. 
At  the  time  of  writing,  this  material  is  being  administered  through  the 
cooperation  of  Dr.  Clarke  Crannell  at  Miami  University. 

SUMMARY 

1.  A  comparison  was  made  of  the  relative  speed  and  accuracy  of 
individuals  in  using  graphs  and  tables.  Identical  mathematical  func¬ 
tions  wero  presented  in  both  graphic  and  tabular  form  and  experimen¬ 
tal  subjects  solved  the  same  set  of  problems  with  each  presentation. 

2.  It  is  concluded  that  the  table  is  superior  to  the  graph  in  both  speed 
and  accuracy  of  use  whenever  the  arguments  used  in  entering  the  table 
are  tabulated,  but  that  whenever  the  arguments  are  nontabulated  a 
graphic  presentation  is  superior  to  a  tabular  one  in  speed  of  use  and 
that  it  is  just  as  accurate. 
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CHAPTER  FIVE _ 

Psychological  Factors  Involved 
in  the  Design  of 
Air  Navigation  Plotters1 

JUUEN  M.  ClIRISTENSEJf 


INTRODUCTION 

One  important  part  of  the  aerial  navigator’s  job  involves  the  measur¬ 
ing  and  plotting  of  various  vectors  and  lines  of  position.  In  order  to 
facilitate  these  measurements  and  plottings,  the  navigator  employs 
an  aircraft  plotter.  The  plotter  is  an  instrument  combining  a  special 
protractor  and  straight  edge.  It  is  used  to  measure  given  angles  and 
to  plot  lines  along  angles  of  specified  numbers  of  degrees.  Previous 
investigations  have  shown  that  an  appreciable  percentage  of  the  errors 
made  by  navigators  can  bo  attributed  to  their  plotting  instruments. 
In  a  recent  unpublished  study  by  Robert  T.  Joseph  of  this  laboratory, 
rated  AAF  navigators  were  required  to  measure  and  to  plot  20  single- 
leg  courses.  The  incidence  of  error  (i.  e.,  an  answer  differing  by  more 
than  1°  from  tho  correct  answer)  in  this  simple  task  was  about 
5  percent.  In  another  test  carried  out  in  1945  by  the  Psychological 
Research  Project  (Navigator)  of  the  Air  Training  Command  the 
common  types  of  dead  reckoning  and  air  plot  problems  were  adminis¬ 
tered  to  rated  AAF  navigators.  The  authors  reported  the  incidence 
<»f  plotter  error  to  be  as  high  a3  31  percent.1 

PURPOSE 

i'he  present  experiment  was  designed  so  that  variations  in  the  basic 
components  of  air  navigation  plotters  could  be  studied.  Tho  results 
ate  to  be  used  ns  a  basis  for  the  design  of  a  plotter  which  incorporates 
those  features  which  contribute  to  error  reduction  and  facility  ;n 
the  handling  of  tho  instrument. 

'Till*  chapter  It  bated  upon  rcnenrch  Andlngii  reported  In  Headquarters  AMC  Engineer* 
ulrlhlon  Memorandum  lloport  No.  TSKAA-004-1D, 

*  Ke-oarch  ISullctln  45-3A,  radiological  Section,  Offlce  of  the  Surgeon,  AAF7C. 
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DESCRIPTION  AND  DEFINITION  OF  PLOTTER  ERRORS 

Plotter  errors  may  be  classified  into  precisely  defined  groups.  Ap¬ 
proximately  00  percent  of  the  plotter  errors  fall  into  the  four  groups 
termed  reciprocal,  tolerance,  reversal,  and  reference. 

A  reciprocal  error  is  defined  as  that  type  in  which  the  navigator 
reads  the  value  of  a  measured  or  plotted  line  exactly  180°  in  error.  It 
is  apparent  from  examination  of  the  plotters  that  one  reason  for  this 
is  the  fact  that  each  position  on  the  protractor  is  shared  by  two  scales 
whose  values  differ  by  180°. 

A  tolerance  error  is  defined  as  that  type  in  which  the  navigator 
reads  a  few  degrees  in  error  either  because  of  carelessness  or  inability 
to  read  the  scale  with  the  required  accuracy.  A  tolerance  of  1°  on 
cither  side  of  the  correct  answer  was  allowed.  Thus,  if  the  correct 
answer  was  103°,  answers  102°  and  104°  were  also  considered  correct. 

A  reversal  error  is  defined  as  that  type  in  which  the  navigator 
reads  in  the  wrong  direction  from  a  numbered  graduation  mark.  Thus, 
if  the  navigator  meant  to  plot  a  value  of  93®,  he  made  a  reversal  error 
if  he  read  in  the  wrong  direction  from  the  90°  mark  and  plotted 
an  erroneous  course  of  87®. 

A  reference  error  is  defined  as  that  type  in  which  the  navigator 
measures  or  plots  a  course  using  East  or  West  instead  of  North  as  a 
reference  of  zero.  Such  an  answer  is  always  90°  or  270®  in  error. 

Miscellaneous  errors  were  found  to  include  the  following  types: 

!.  Confusion  between  the  figures  3  and  5.  The  inverted  fiat-topped 
threo  (  2 )  and  the  inverted  fivo  (  S )  are  quite  sftnilnr  in  appearance. 

2.  Transposition  errors.  For  example,  plotting  193®  for  139®. 

3.  Misreading  a  number.  For  example,  reading  22G®  for  266®. 

4.  Inverting  the  plotter  and  using  it  wrong  face  up. 

EXPERIMENTAL  PROCEDURE 

In  order  to  determine  the  causes  of  plotter  errors  and  in  order  to 
be  able  to  recommend  methods  of  eliminating  these  errors  logical 
variations  were  made  in  the  design  of  the  basic  elements  of  plotters. 
Tests  were  carried  out  to  determine  the  relative  effectiveness  of  these 
variations.  Four  basic  co  mparisons  were  examined  in  this  experi¬ 
ment.  In  order  to  examine  these  four  comparisons  it  was  necessary  to 
design*  and  construct  five  experimental  plotters.  Each  experimental 
plotter  was  designed  for  use  in  the  study  of  one  basic  comparison; 
therefore,  none  of  the  experimental  models  should  be  considered  a 
plotter  recommended  for  general  use.  These  were  used  in  conjunction 
with  a  model  which,  except  for  the  scales  on  the  base,  is  a  copy  of  the 
plotter  used  at  present  in  the  Army  Air  Forces. 
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Design  of  the  Experimental  Plotter  Models. 

The  first  comparison,  involving  the  models  shown  in  figure  5.1,  was 
designed  in  order  to  determine  whether  it  would  be  better  to  have  one 
or  two  straight  edges  on  a  plotter.  It  is  practically  impossible  to 
measure  a  course  within  one  plotter’s  width  of  the  top  of  the  chart 
with  the  single-edged  plotter  unless  it  is  inverted.  When  the  single* 

•  edged  plotter  is  inverted  it  then  becomes  necessary  to  read  all  scales 
upside  down  and  in  a  direction  opposite  to  that  used  when  the  plotter 
is  in  the  normal  position.  Wien  using  a  two-edged  plotter  the  oper¬ 
ator  merely  has  to  slide  the  plotter  down  and  use  one  of  the  parallel 
lines  or  the  top  edge.  It  is  never  necessary  to  use  the  two-edged  plotter 
topside  down. 

The  second  comparison,  involving  the  models  shown  in  figure  5.2, 
was  designed  in  order  to  determine  whether  it  would  be  better  to  have 
the  protractor  scale  read  from  left  to  right  or  from  right  to  left  The 
scales  on  the  present  AAF  plotter  read  from  right  to  left  This  is 
contrary  to  normal  habit.  The  left-right  reading  habit  is  well  estab¬ 
lished.  Practically  all  reading  matter,  tables,  rulers,  etc.,  are  read' 
in  such  manner. 

The  third  comparison,  involving  the  models  shown  in  figure  5.3, 
was  designed  in  order  to  determine  whether  it  would  be  better  to  num¬ 
ber  the  graduations  on  the  proctractor  scales  every  10°  or  every  6°. 
On  model  II  the  5°  graduation  marks  as  well  as  the  10°  graduation 
marks  were  numbered.  It  was  thought  that  numbering  more  of  the 
graduation  marks  would  aid  in  the  prevention  of  reversal  of  errors. 

The  fourth  comparison,  involving  the  models  shown  in  figure  5.4, 
was  designed  in  order  to  determine  whether  it  would  bo  better  to  have 
two  protractor  elements  or  one  protractor  element  on  a  plotter.  One 
element  was  set  180°  in  azimuth  from  the  other  so  that  the  figures  of 
one  would  always  appear  right  side  up.  If  the  navigator  wished,  ho 
could  obtain  independent  readings  on  the  two  protractor?  and  uso  one 
reading  as  an  accuracy  check  on  the  other. 

In  order  to  facilitate  drifting  and  increase  the  accuracy  of  the 
reduced  printed  model  the  designs  for  the  six  plotters  were  drafted 
on  a  linear  ratio  of  2: 1.  The  models  were  drafted  by  Paul  Galloway 
of  the  Aero  Medical  Drafting  Unit  and  printed  by  the  AMC  print 
shop  on  O.OSO-inch  plexiglas.  The  Machine  Shop  Branch  trimmed 
them  and  drilled  the  reference  holes. 

Design  of  the  Experimental  Test  Material*. 

The  test  materials  designed  for  use  with  tho-o  plotters  consisted  of 
2G  measuring  items  and  2G  plotting  items.  Twenty-six  items  were 
printed  on  a  Mercator  chart.  The  remaining  2G  items  were  printed 
on  a  type  of  chart  similar  to  the  Mercator  except  that  the  meridians 
were  approximately  as  far  apart  as  the  meridians  on  a  sectional 
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Fiauar  5.2.— Plotter  model*  III  and  V,  used  la  comparing  * 


Fiaxna  5.3.— Plotter  model*  I  and  XI,  u*ed  in  conjuring  •  10*  wale  and  n  5*  »cuk* 


Fwc«  5.4. — Plotter  model*  IV  and  V.  used  to  comparing  a  double  protector  element  and  a  .Ingle  prolr*clor  clement. 


aeronautical  chart,  'fins  type  chart  was  used  in  preference  to  t 
Lambert  conformal  chart,  as  it  simplified  teaching  the  high-school 
students  to  use  the  charts.  Six  similar  alternate -charts  were  con¬ 
structed.  Sample  charts  are  shown  in  figures  5.5  and  5.6. 

The  first  six  items  were  used  as  warm-up  problems,  so  the  graded 
test  consisted  of  *16  items.  In  order  that  an  adequate  sample  of  both 
measuring  and  plotting  could  l>e  obtained,  the  subjects  were  required 
to  measure  and  to  plot  in  alternate  order.  Six  alternate  forms  of  the 
test  were  constructed.  An  idea  of  the  reliability  of  the  tests  may 
be  obtained  from  the  fact  that  the  Pearson  product-moment  correla¬ 
tion  using  different  plotter  models  on  alternate  forms  was  of  the  order 
of  0.75.  The  reliability  of  each  test  is  necessarily  as  high  or  higher. 


\ni  il  I  j  I 


i  mi  MINIMI  M  I 


niaimi 


iKliiisiaBaapaaai&aniaagiBBBi 

uiKsvggiiiiKHigBiaMiiiiiBim 


iBBMBIIIIIfll 


iiMiignBHuiwniminiH 

HlfllllBBIBHBIIIIHIflB 


iI|s|m^^bbs|ki25Ib 

lass 


Fiuusb  5. 5. —Teat  chart  No.  1. 
The  actual  clmrt  was  15*4"  hj  12%' 


I 


The  actual  chart  was  13Vi"  hy  12%". 

Administration  of  the  Tests, 

One  hour  on  each  of  three  successive  school  days  was  spent  with  each 
of  four  classes  at  each  of  four  Dayton,  Ohio,  high  schools.*  The  first 
day  was  devoted  entirely  to  teaching  each  class  the  use  of  the  charts 
and  the  appropriate  pair  of  plotters.  Each  of  tire  subsequent  days 
was  devoted  to  a  warm-up  period  followed  by  a  test  on  one  of  the  two 
experimental  plotters  used  with  that  particular  group.4  Subjects  were 
encouraged  not  to  omit  any  problems.  Each  subject  worked  with  both 
plotters  of  a  designated  pair,  thus  serving  as  Iris  own  control.  Tho 

1  Tho  author  Is  Indebted  to  IS.  L.  Iloda,  Assistant  Superintendent  of  School*  for  Dayton, 
Oliln,  for  making  powlblo  the  testing  program  In  the  Dayton  High  School*. 

•Tho  author  U  Indebted  to  James  I'arlsh,  Melvin  Warrick,  and  George  Abram*  for  assist* 
»tice  In  administering  the  te*t»  at  the  four  high  school*. 
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plotters  were  taught  and  the  tests  were  administered  in  an  order 
planned  so  that  no  advantage  would  accrue  to  any  of  the  experimental 
plotters.  Using  plotters  I  and  II  as  an  example,  plotter  I  was  taught 
first  ami  tested  first,  at  the  first  school;  plotter  I  was  taught  second  and 
tested  first  at  the  second  school;  plotter  I  was  taught  second  and 
tested  second  at  the  third  school;  plotter  I  was  taught  first  and  tested 
second  at  the  fourth  school.  Compensation  for  differences  in  learning 
ability  among  the  plane  geometry,  advanced  algebra,  and  trigonom¬ 
etry  classes  was  made  by  matching  insofar  as  possible  an  equal  number 
of  each  type  of  student  taking  a  particular  plotter  first  with  an  equal 
number  of  each  type  of  student  taking  the  alternate  plotter  first. 

A  time  limit  of  25  minutes  was  used  at  the  first  school.  As  56  per¬ 
cent  finished  the  test  the  second  day,  the  time  limit  was  reduced  to  20 
minutes  for  the  three  remaining  schools.  To  adjust  for  this,  the  first- 
day  means  for  the  first  school  for  “number  of  items  attempted”  were 
multiplied  by  0.80.  The  second-day  means  for  the  first  school  for 
number  of  items  attempted  were  estimated  by  using  tho  means  of  % 
similar  class  which  took  the  same  test  in  another  school  and  used  the 
20-minute  time  limit.  This  estimate  was  accurate  enough  as  only  a 
cursory  analysis  of  speed  was  deemed  necessary.  It  is  important  to 
note,  however,  that  the  longer  time  limit  at  the  first  school  would  not 
significantly  affect  the  percent  of  error  scores,  since  the  students  who 
finished  the  test  did  not  go  back  and  check  their  work. 

ANALYSIS  OF  RESULTS 

Tho  types  and  numbers  of  errors  are  summarized  in  table  5.1. 
Inspection  of  this  table  discloses  that  55  percent  of  all  errors  were 
errors  in  measurement  and  that  45  percent  of  ail  errors  were  errors  in 
plotting.  Further  inspection  discloses  that  reciprocal  errors  occurred 
most  frequently.  Tolerance  errors  were  the  next  most  common 
typo  and  reversal  errors  were  third.  These  three  types  constituted  84 


Tabix  5.1. — Total  tncaturing  and  plotting  errort  by  type* 
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•  Per  a  definition  of  these  tyt>cj  of  <  rror«  see  "Description  and  Definition  of  Plotter  Error*.*' 

*  "Combination”  errors  are  inelu<leil  untler  the  two  titles  sppllcnblc  In  each  cam.  Thus,  If  an  Individual 
made  both  *  r»  clprocal  and  rev<  rsd  error  on  one  problem,  the  error  was  tabulated  once  under  reciprocal  and 
once  uuder  revcrs.d.  There  were  1 13  "combination"  ertor*. 


percent  of  the  total  number  of  errors.  Thus,  variations  that  reduce 
these  three  types  of  errors  should  appreciably  reduce  the  total  number 
of  plotter  errors.  High-school  advanced-mathematics  students  made 
approximately  twice  as  many  errors  as  did  rated  navigators,  but  their 
errors  were  in  the  same  general  proportions  of  reciprocal,  reversal,  and 
tolerance,  as  shown  in  table  5.2.  These  three  types  of  errors  con¬ 
stituted  81  percent  of  the  total  for  both  populations. 


Tadix  5.2. — Brcak-doicn  of  plotter  errors  bp  types:  Comparison  of  a  group  of 
AAF  navigators  and  a  group  of  high  school  advanced  mathematics  students 


Type  of  error 

100  AAF 
navigators 
(percent  of 
total  errors) 

3 IS  mathe¬ 
matics  stu- 
dmtsfpcrcent 
of  total  errors) 

Reciprocal.. . . . . . . . . . 

73 

M 

<3 

30 

Reversal _ - _ _ _ .... _ ........ _ ....... _ _ _ _ _ _ 

19 

22 

0) 

% 

MIsallBWU . . - . . . . 

u 

% 

Total . . . 

ICO 

100 

s  This  report  tnaVcs  no  reference  to  reference  error:.  It  U  not  known  whether  reference  errors  were 
never  mode  by  rated  navigators  or  whether  they  were  included  with  the  mljcell&neoui  errors.  How¬ 
ever,  the  incidence  of  this  type  of  error  is  low  end  has  little  bearing  on  the  c&mperlsoa. 


Further  inspection  of  table  5.1  will  show  how*  the  various  errors  were 
divided  between  problems  involving  measurement  of  a  given  vector 
and  problems  involving  plotting  a  vector  of  a  specified  number  of 
degrees.  It  can  be  seen  that  631  out  of  a  total  of  755,  or  84  percent,  of 
all  reciprocal  errors  w*ere  made  on  measurement  problems;  only  16  per¬ 
cent  were  made  on  plotting  problems.  Measurement  would  seem  to 
be  a  simpler  operation  than  plotting.  The  subject  merely  placed  the 
plotter  on  the  course,  made  necessary  adjustments,  and  read  the  answer. 
The  high  incidence  of  this  type  of  error  might  bo  explained  by  the 
fact  that  this  process  soon  becomes  highly  automatic  for  an  experienced 
navigator  and  so,  without  thinking,  the  subject  apparently  often  read 
the  most  accessible  figure  and  thus  mado  a  reciprocal  error.  Analysis 
shows  that  the  high-school  students  made  reciprocal  errors  by  errone¬ 
ous  reference  to  the  outer  scale  more  frequently  than  by  erroneous  rof- 
ercnco  to  the  inner  scalo  by  a  ratio  of  1.21  to  1.00.  This  proved  to  be 
even  more  strikingly  true  in  the  earlier  study  of  navigators  carried  out 
by  Joseph.5  He  found  a  ratio  of  2.6  to  1.0,  using  a  sample  of  100  ex¬ 
perienced  navigators. 

Analysis  of  Four  Basic  Factors  of  Plotter  Design 

The  criterion  established  for  the  determination  of  the  relative 
effectiveness  of  various  basic  plotter  designs  was  accuracy.  However, 
the  gain  in  accuracy  must  not  be  at  the  expense  of  such  other  important 

•From  an  unpublished  report  by  Robert  T.  Joseph,  Aero  Medical  Laboratory,  Wright 
Field,  Dayton,  Ohio. 


83 


CO «»*».«*  1 

h«tm 

1  •  *0“  Knt 

ii  •  y  t<«i( 

COtf'Aftl^ON  1 

1  •  \INII  f*«t 

J 

»  -  ton 

£(*>■«*(  SO*  4 

**•*!«• 

1*  •  9l«lt(  MIMiCVII 

I - L  .  I  !■!  - I . — .  i  | 

o  t  $  »  5  is  n 

Ct.ct.t  H  Ioh 

Kiochk  5.7.— Effectiveness  of  different  plotter  variations  In  reducing  errors. 

factors  as  speed,  size,  weight,  adaptability  to  crowded  working  con¬ 
ditions,  and  durability. 

A  “percent  of  error”  score  was  computed  for  each  subject  by  divid¬ 
ing  the  total  number  of  error's  committed  by  the  number  of  problems 
completed.  Values  of  t  were  computed  for  the  four  basic  comparisons 
by  using  the  method  of  differences  between  paired  scores.  Tire  results 
shown  in  figure  5.7  indicate  that  if  accuracy  were  the  only  criterion 
the  ideal  plotter  should  have  a  double  edge  and  a  single  protractor. 
The  question  of  left-right  scale  versus  right-left  scale  was  not  so  clear. 
The  p  valuo  was  .30.  However,  the  mean  for  the  left-right  scale  was 
lower,  and,  as  a  choice  must  be  made,  it  would  seem  preferable  to  use 
the  left-right  scale.  The  same  is  true  to  a  lesser  extent  for  the  5°  vs. 
10°  scales,  as  the  p  valuo  was  only  .18.  More  experimental  evidence 
is  being  collected  on  the  left-right  vs.  right-left  rending  habits  and 
their  application  to  dial  and  scale  design.  - 


Taiilk  r».:i. — Distribution  statistic*  of  plotter  errors  and  t  values  for  four  basic 

plotter  comparisons 


Comparison 

AT 

Percent 

of 

error*  • 

SO  of 
j>crccnt 
of 

erro/* 

m 

Plotter  1  (10e  scale) . 

m 

50,  M 

]  1.54 

Plotter  11  (5*  scale) . 

■44 

S.W9 

Plotter  1  (silicic  dice) . 

KTl 

11.  29 

j  2.50 

Plotter  VI  (double  edee).. 
Plotter  111  (left -right 

97 

8.74 

«-de) . 

67 

7.83 

11.38 

j  1.19 

Plotter  V  (right-left  scale). 
Plotter  IV  (double  pro- 

67 

9.02 

1147 

tractor) . 

Plotter  V  (single  prutrao- 

69 

11.1) 

».BJ 

i  3.00 

tor) . 

99 

8.15 

104 

1 

llanco  of  the 
difference 
scores 

■ 

SK  /»<// 

—27. 2  to  +35. 3 

9.90 

1.09 

-30. 5  to  -( 37.0 

$.50 

.87 

-35. 4  to  +33.5 

9.27 

1.14 

-35.0  to  +315 

9.01 

.91 

t 


S.  41  0.18 

ZM  .01 


1.04 


.30 


130 


.000 


•  The  higher  the  ini-on,  the  castor  the  percent  of  error:  therefore,  the  plotter  with  the  higher  mean  !i  tlx 
wore  w  nh  respect  to  accuracy.  The  error  score  here  It  synonymous  with  the  percent  of  problem*  wrong. 
Combination  error*  (two  error*  on  one  problem)  nro  net  counted  twice, 

*  The  dtrtrretice  score  of  one  subject  was  4.7  jigum  from  lire  mean  of  the  difference  scores.  HI*  score  w*» 
omitted. 
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The  distributions  of  the  percent  of  error  scores  were  appreciably 
skewed  as  can  bo  seen  in  table  5.3.  However,  the  distributions  of  the 
ditrerence  scores  were  quite  normal.  In  the  interpretation  of  the 
mean  and  sigma  values  of  the  difference  scores  the  range  should  be 
noted,  as  a  large  proportion  of  the  difference  scores  were  negative. 
It  was  these  difference  scores  that  were  used  in  the  calculation  of  the 
t  values. 

Table  5.4. — Mean  number  of  problems  completed  plotters  for  four  basic 

plotter  comparisons 


Comparison 

N 

Mrsn  num¬ 
ber  com- 
pkttd 

DliTmixa 

Pln'trr  1— to  degree  scale . . . . . 

S3 

34.  St 
3X4T 
34.70 
3S.lt 
34.68 
34.77 
33.4* 
36.37 

1.04 

i*iottcr  II— 5  decree  scale . . 

Hoitcc  !— single  edge . . . 

W 

pjntti>r  VI-— double  edee . . . . . . 

.49 

Holler  III— ktt-rtght  scale . . 

67 

Hotter  V— right-left  scele . . 

.09 

Hotter  IV— double  protractor . . . . 

» 

Plotter  V — single  protractor... . . . . . . . . 

3.04 

Table  5.4  presents  the  pertinent  data  of  the  speed  analysis.  Eight 
Pearsonian  coefficients  of  correlation  were  computed  between  percent 
of  error  and  number  of  problems  attempted.  All  were  negative  and 
ranged  from  —.11  to  —.40.  The  median  coefficient  was  ~.30.  This 
finding  is  compatible  with  the  psychological  principle  applicable  to 
tasks  of  this  nature;  namely,  that  the  most  accurate  performers  are, 
in  general,  also  the  most  rapid.  Perhaps  the  most  significant  single 
conclusion  that  can  be  drawn  from  the  data  in  tables  5.3,  5.4,  and  5.5 
and  figure  5.7  is  the  fact  that  error  scores  can  be  reduced  by  making 
changes  in  basic  plotter  design  without  reducing  the  speed  with  which 
the  subjects  can  handle  the  instrument.  In  fact,  working  speed  is 
generally  increased  (table  5.4).  It  seems  obvious,  however,  that  the 
major  emphasis  should  bo  placed  on  error  reduction  and  not  on  speed, 
as,  unless  the  speed  differences  arc  very  great,  the  time  tho  navigator 
spends  with  a  plotter  is  relatively  unimportant  when  compared  with 
the  importance  of  obtaining  ah  accurate  answer. 

Other  Findings  of  Importance 

In  grading  the  papers  it  was  apparent  that  a  fiat-lopped  threo  (3) 
and  a  five  (5)  were  confused  when  inverted.  It  is  believed  that  a 
figure  3  with  a  round  top  (3)  would  not  be  as  easily  confused  with  a 
conventional  5.  Such  a  finding  should  not  be  viewed  as  a  contradic¬ 
tion  of  Berger’s  findings.*  Ilis  recommended  number  designs  imply 
Unit  the  figures  will  be  read  in  normal  fashion.  However,  tho  navi¬ 
gator  often  finds  it  necessary  to  read  figures  upside  down  on  several 

*  Horner,  Curt,  "Stroke-width,  form,  nml  horlzotitnl  sparing  of  numerals  at  determl- 
nants  of  the  threshold  of  recognition,”  Journal  0/  Applied  I'tycholoyy,  US,  10U,  UOS-U3I. 
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of  his  instruments,  Wien  it  is  likely  that  readings  are  to  be  taken 
with  figures  upside  down,  a  flat-topped  5  is  not  recommended. 

It  is  common  knowledge  to  AAF  navigators  that  the  most  difficult 
vectors  to  measure  and  to  plot  are  those  which  are  nearly  parallel 
to  a  meridian.  This  was  also  true  for  the  experimental  group.  The 
incidence  of  error  on  this  type  of  problem  was  21.2  percent  as  compared 
with  8.0  percent  for  all  other  types  of  problems.  '  Further  evidence 
ns  to  the  difficulty  experienced  with  these  near-meridian  vectors  can  be 
obtained  by  examination  of  the  problems  omitted.  Only  130  of  the 
24,823  problems  read  were  omitted,  but  of  these,  G2,  or  47.7  percent, 
were  problems  within  10°  of  being  parallel  to  a  meridian.  Yet  this 
type  of  problem  comprised  only  1G.2  percent  of  the  total  problems  read. 

A  RECOMMENDED  PLOTTER 

As  a  result  of  the  analysis  of  the  data  of  this  experiment  it  is  be¬ 
lieved  that  an  improved  plotter  should  combine  the  features  described 
in  the  following  paragraphs.  A  model  has  been  drafted  in  order  to 
show  how  the  combination  of  these  features  would  look  in  an  actual 
plotter.  This  model  is  shown  in  Figure  5.8. 


Kiouuk  5.8. — A  plotter  design  combining  desirable  variations  of  plotter  clement*. 

This  plotter  has  two  straight  edges  instead  of  one.  It  has  the  pro¬ 
tractor  element  set  down  into  the  base  proper.  This  feature  is  highly 
desirable  according  to  the  accuracy  criterion  and  slightly  favored  from 
the  standpoint  of  speed.  The  two-edged  plotter  never  needs  to  be 
inverted  when  measuring  or  plotting  a  course  near  the  top  of  a  chart ; 
the  user  needs  merely  to  slide  it  down  and  use  the  other  edgo  if  he 
finds  that  he  cannot  get  a  reading  with  the  bottom  edge  of  the  plotter 
placed  on  the  vector  in  question.  A  double-edged  plotter  is  also  far 
more  durable  than  a  single-edged  plotter  ns  it  has  no  points  of  stress 
where  the  protractor  element  joins  tho  base  of  the  plotter.  Setting 
the  protractor  element  into  the  base  also  permits  the  employment  of  a 
larger  protractor  without  increasing  the  over-all  width  of  the  plotter. 
This  makes  it  possible  to  print  tho  graduation  marks  farther  apart. 
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This  feature  should  enable  the  navigator  not  only  to  read  the  scales 
more  rapidly,  but  also  to  read  them  with  greater  precision.  This 
feature  should  materially  reduce  tolerance  errors.  * 

The  left-right  scale  of  the  recommended  plotter  should  materially 
reduce  reversal  errors.  The  left-right  reading  habit  is  conventional. 
Practically  all  reading  materials  (e.  g.,  this  line  of  print)  are  read 
from  left  to  right.  Most  scales,  such  as  those  on  common  rulers,  in¬ 
crease  from  left  to  right.  In  a  stressful  or  emergency  situation  and 
moments  of  inattention  it  may  bo  expected  that  an  individual  will 
revert  to  the  most  deeply  ingrained  habit,  which  is  to  read  from  left 
to  right.  With  the  plotter  now  in  use  this  results  in  a  reversal  error. 

A  “staircase”  scale  has  been  employed  in  the  design  of  the  recom¬ 
mended  plotter.  It  is  believed  that  this  type  of  scale  will  also  aid  in 
the  reduction  of  reversal  errors.  It  will  .be  noticed  by  referring  to 
the  recommended  model  that  the  larger  unit  figures  arc  matched  with 
the  longer  graduation  marks.  A  navigator  should  learn  promptly 
that  if  a  vector  lies  on  or  near  a  relatively  long  graduation  mark,  his 
answer  must  be  in  tho  6-0  range  in  the  units  place,  and,  corresponding¬ 
ly,  if  a  vector  lies  on  or  near  a  relatively  short  graduation  mark,  the 
correct  digit  must  be  in  the  1-4  range  in  the  units  place.  There  is 
no  reversal  problem  at  the  numbered  increments.  Admittedly  this 
does  not  completely  solve  the  problem  of  the  5-degree  reversal  (e.  g., 
reading  95  for  85),  but  it  is  hoped  that  the  “staircase”  effect  will 
cause  tho  user  to  realize  as  he  departs  from  a  numbered  graduation 
that  the  reading  must  be  smaller  if  he  goes  down  the  stairs,  and  larger 
if  he  goes  up  the  stairs.  ♦  Unique  markings  cnablo  easy  recognition 
of  tho  5-degrcc  graduation  marks.  A  study  has  been  initiated  in  an 
effort  to  determine  the  effects  of  tho  staircase  scale  on  reduction  of 
reversal  errors.  The  experiment  is  being  designed  so  that  tho  results 
will  have  application  to  a  number  of  problems. 

It  is  believed  that  a  10-degrec  scale  should  be  used  on  the  protractor 
clement.  A  plotter  with  a  5-degree  scale  was  used  more  accurately  but 
not  more  rapidly  than  a  plotter  with  a  10-degrcc  scale.  As  can  bo 
seen  in  table  5.5  this  increased  accuracy  was  brought  about  chiefly 
by  a  reduction  in  reversal  errors.  However,  it  can  be  seen  by  exami¬ 
nation  of  the  models  with  the  graduations  numbered  every  5  degrees 
that  it  was  necessary  to  make  the  figures  quite  small.  For  purposes 
of  the  experiment,  figures  of  this  same  size  were  used  on  all  the  experi¬ 
mental  plotters.  However,  these  small  figures  would  be  extremely  dif¬ 
ficult  to  read  in  vibrating  aircraft  and  under  conditions  of  poor  illumi¬ 
nation,  and  for  this  reason  it  seems  preferable  to  use  larger  figures  ami 
place  them  at  only  the  10-degree  graduation  marks.  .It  is  a  debatable 
point  and  if  the  size  of  the  plotter  were  unrestricted,  a  5-degroo  scale 
would  be  preferable.  It  is  felt,  however,  that  tho  purpose  of  tho 
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5*<legree  scale  (i.  e.,  reduction  of  reversal  errors)  is  served  as  well  or 
better  by  employment  of  the  staircase  scale  described  above, 

4 

Tabus  5.5. — Error  brcak-doicn  by  plotter  typet 


riotter  model  number 


I- 10*  »cale . 

II- 5*  Kale . 

l-»lnj;ie  edge . 

V  1-double  edje„... 

III- L-Rk»1« . 

V-R-L  »c*Ve . 

tV-doublr  protractor 
V-jlnrle  protractor.. 

Total*. . . 


[Mcajurlnr  and  jitottlnc  erron  combined) 


.V 

Total  problems  completed 

Total  errors 

Reversal 

Recipro¬ 

cal 

_ 

Reference 

Tolerance 

Mlscel- 

lancout 

U 

is 

X 

1 

P 

Zb 

c  5 

r 

V 

Co 

U 

a 

a 

3 

X 

Percent  of  number 
completed 

U 

a 

s 

3 

X 

1 

§1 

-I 

c  o 

r 

(V, 

U 

is 

X 

Percent  of  numbar 
completed 

* 

8 

3 

A 

J 

P 

i 

st 

I8 

& 

i 

X 

3 

*»  8 
c  3 

r 

* 

63 

3.982 
3.055 
3.544 
3.598 
2,349 
2.448 
3.241 
3.  GOO 

.  323 
VO 
4C8 
315 
173 
212 
303 
290 

10.8 

8.5 

11.3 

8.8 

7.4 

8.7 

11.2 

8.0 

91 

6 6 
95 
63 
33 
43 
77 
53 

3.1 

1.8 

2.7 

1.8 

1.4 
1.8 

2.4 

1.5 

115 

82 

124 

102 

61 

74 

108 

89 

3.9 

Z7 

3.3 

2.8 

2.6 

3.0 

3.3 

2.5 

28 

32 

36 

27 

21 

23 

16 

12 

0.9 

1.0 

1.0 

.8 

.9 

.9 

.5 

.3 

67 

68 

113 
105 
48 
59 

131 

114 

2,2 

3.2 

3.2 
2.9 
2.0 

2.3 
4.0 
3.2 

22 

22 

40 

18 

10 

16 

31 

22 

0.7 

M 

s!o 

97 

r>; 

99 

348 

21,823 

2.344 

9.4 

511 

2.1 

755 

3.0 

193 

0.8 

702 

2.8 

181 

.7 

Tho  elimination  or  reduction  of  the  reciprocal  error  is  a  more  com¬ 
plex  problem.  It  is  believed  that  most  of  the  reciprocal  errors  are 
orientation  errors  and  not  plotter  errors.  A  competent  navigator  has  a 
general  idea  of  the  direction  of  a  line  of  position  or  a  vector  before  he 
measures  or  plots  it.  Thus,  if  he  is  going  in  a  northerly  direction,  he 
knows  that  his  course  cannot  possibly  be  in  the  vicinity  of  180°.  Or, 
if  he  is  heading  north  and  drifting  to  the  right,  he  knows  that  the  wind 
vector  cannot  indicate  a  wind  from  90°.  However,  the  fact  that 
plotter  design  does  play  some  part  in  reciprocal  errors  is  evidenced 
by  tho  finding  that  navigators  and  naive  subjects  both  prefer  the  outer 
scale  to  tho  inner  scale.  The  recommended  plotter  combines  the  two 
graduated  scales.  It  is  hoped  that  this  will  force  the  user  to  make  an 
intelligent  choice  between  tho  two  sides  of  tho  scale,  each  of  which  is 
equidistant  from  the  graduations,  when  ho  takes  a  reading.  The  choice 
between  two  sides  of  a  single  scale  is  a  specific  choice  which  is  made 
after  the  mechanical  operations  of  manipulating  tho  plotter  and  de¬ 
termining  tho  point  of  intersection  between  the  vector  and  the  scale 
havo  been  completed. 

Results  of  the  experiment  indicate  that  a  single  protractor  plotter 
is  superior  to  a  double  protractor  plotter.  Tho  double  protractor 
plotter  appreciably  slowed  the  subjects  (see  table  5.4)  and  did  not 
increase  their  accuracy  (see  figure  5.7). 

The  model  of  t lie  revised  plotter  has  a  partial  scale  near  tho  center 
of  the  protractor.  This  “90°  offset  scale,”  as  it  is  termed,  is  offered 
as  a  solution  to  the  problem  of  measuring  or  plotting  lines  or  vectors 
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nearly  parallel  to  a  meridian.  Wien  this  scale  is  used,  the  parallels 
of  latitude  instead  of  the  meridians  of  longitude  arc  used  as  zero 
reference  lines.  In  order  to  avoid  confusion  between  the  offset  scale 
and  the  regular  scales,  the  offset  scale  extends  only  20°  on  either  side 
of  the  zero  point.  The  regular  scales  can  be  conveniently  used  when 
the  vector  is  greater  than  20°  from  a  meridian.  It  might  be  argued 
(hat  this  offset  scale  would  be  useful  only  on  a  Mercator  chart,  as  on 
that  chart  the  parallels  and  meridians  are  straight  lines  intersecting 
at  angles  of  00°.  The  answer  to  this  is  that  an  estimated  90-95 
percent  of  all  the  navigator’s  measuring  and  plotting  is  accomplished 
on  a  Mercator  or  grid,  and  even  on  such  charts  as  the  regional  and  sec¬ 
tional,  the  error  resulting  from  use  of  this  offset  scale  will  he  found  to 
be  negligible. 

It  is  planned  to  adhere  one  small  semispherical  knob  1  %  inches 
from  each  end  of  the  plotter.  These  two  knobs  (which  are  not  shown 
in  figure  5.8)  will  make  it  impossible  for  the  navigator  to  use  the 
plotter  wrong  face  up.  The  knobs  also  make  the  plotter  easier  to 
pick  up  if  it  is  lying  wrong  face  down,  as  a  tap  on  one  end  will 
bring  the  other  end  up  in  the  air,  enabling  the  user  to  grasp  it.  This 
is  especially  convenient  if  the  navigator  is  wearing  gloves. 

The  suggested  plotter  has  one  Kale  along  each  edge  for  measuring 
distance  in  nautical  miles.  One  scale  is  graduated  in  the  ratio  of  1  to 
5,000,000  for  use  on  sectional  charts;  the  other  is  graduated  in  the  ratio 
of  1  to  1,000,000  for  use  on  regional  charts.  The  factor  for  converting 
statute  miles  to  nautical  miles  is  also  printed  on  the  plotter.  It  is 
believed  that  these  two  auxiliary  scales  arc  the  only  ones  that  are 
necessary  and  that  additional  scales  only  foster  confusion  and  impair 
the  transparency  of  the  plotter. 

The  plotter  should  be  of  0.035-inch  plexiglass  construction.  All 
printing  should  he  on  the  bottom  side  so  that  the  possibility  of  parallax 
errors  in  reading  the  scales  will  he  eliminated.  The  bottom  side  of 
the  plotter  should  bo  covered  with  a  thin  acetate  veneer  to  prevent  the 
printing  from  wearing  away. 

It  is  planned  to  compare  directly  the  plotter  recommended  in  this 
study  with  the  plotter  employed  at  present  in  the  AAF.  The  results 
of  such  an  experiment  will  show  how  much  is  to  be  gained  by  com¬ 
bining  all  the  host  features  of  the  experimental  plotters  and  will  in¬ 
dicate  whether  the  new  plotter  can  he  used  with  sufficiently  greater 
accuracy  then  the  present  plotter  to  warrant  its  adoption  throughout 
the  AAF. 

SUMMARY 

1.  The  pro.-ent  experiment  was  designed  in  order  that  variations  in 
four  basic  component*  of  air  navigation  plotters  could  he  studied.  Six 
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models  were  constructed  and  tried  on  S4S  high-school  advanced* 
mathematics  students, 

2.  1 1  was  found  that  a  double-edge  plotter  is  superior  to  a  single-edge 
plotter,  a  left-right  scale  is  probably  superior  to  a  right-left  scale,  a 
5°  scale  is  superior  to  a  10°  scale,  and  one  protractor  element  is  better 
than  two. 

3,  A  proposed  new  air-navigation  plotter  was  designed,  using  the 
findings  of  this  study  as  a  working  basis. 


CHAPTER  SIX _ 

Design  of  Clock  Dials  for 
Greatest  Speed  and  Accuracy  of 
Reading  in  Military  (2400-Hour) 
Time  System* 

Waltkh  F.  Garrar* 


INTRODUCTION 

People  commonly  experience  difficulty  in  using  the  2400-hour  time 
system  which  has  become  standard  in  military  practice.  When  mili¬ 
tary  time  is  read  from  a  12-liour  dial,  it  is  necessary  to  add  1200  to  all 
readings  after  12 : 00  a.  m.  The  mental  aritlimctic  thus  required  intro¬ 
duces  an  opportunity  for  error  and  also  soino  delay  in  obtaining  the 
desired  figure.  On  the  other  hand,  24-liour  dials  designed  to  give 
readings  directly  in  military  time  are,  at  first  glance,  quit©  confusing 
to  persons  who  have  spent  their  entire  lifo  reading  time  from  12-hour 
clocks.  In  the  24-hour  dial,  only  one  of  the  hourly  positions  can 
appear  in  its  conventional  location.  In  addition,  an  interval  of  1  hour 
on  the  hour  scale  corresponds  to  2 y*  instead  of  5  minutes  on  the  minute 
scale.  One  of  the  major  purposes  of  this  experiment  was  to  find  out 
whether  the  12-hour  or  24-hour  dial  can  ho  read  more  easily  when 
readings  are  required  in  military  time.  A  further  purpose  was  to 
evaluate  a  number  of  tho  possible  factors  in  the  design  of  either  type 
of  dial  which  might  influence  speed  and  accuracy  with  which  readings 
are  obtained.* 

EXPERIMENTAL  MATERIALS  AND  PROCEDURE* 

With  the  assistance  of  personnel  in  the  Instrument  and  Navigation 
Brandi  of  the  Equipment  Laboratory,  li  different  designs  of  clock 

1  Till-*  rtiajit.'r  |x  based  up«n  research  finding]*  reported  In  Headquarter*  AMC.  Knclueer- 
Ins  Division.  Memorandum  Report  Number  TSBAA-C94-8, 

'This  problem  wai  l>jr  the  Instrument  nnd  Navigation  Branch  of  the  Kqulp- 

ro"nt  I-almratory.  Kncinrcrlns  Division.  Wright  Field. 

*  l)r-  John  T.  Cowles  assisted  In  the  preparation  of  experimental  material*  for  thl*  atudy. 
The  necessary  photographic  work  wua  dune  l»y  the  Aero  Medlra!  i-sboraiory  Futdlratlon* 
Unit. 
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dials  were  prepared.  A  sample  of  each  of  these  designs  is  presented 
in  figure  0.1.  The  first  five  clocks,  types  A  through  E,  are  variations 
of  the  12-hour  dock.  The  remaining  C  are  variations  of  the  24-hour 
clock.  The  11  clock  dial  designs  used  in  the  experiment  were  selected 
in  order  to  make  |>ossible  a  comparison  of  the  following  variables: 

1.  A  12-hour  vs.  a  24-hour  dial. 

2.  Use  of  numerals  vs.  no  numerals  on  the  minute  scale. 

3.  Use  of  1-minutc  vs.  5-minutc  graduations  on  the  minute  scale, 

4.  Use  of  numerals  ct  all  hourly  positions  vs.  replacement  of  some 
numerals  with  mere  reference  marks. 

5.  Addition  of  a  13-  to  24-hcur  scale  to  the  12-hour  dial  vs.  no  such 
scale. 

6.  Placement  of  the  24-hour  position  at  the  top  vs.  the  bottom  of 
a  24-hour  dish 

T.  Placement  of  the  GQ-minute  position  at  the  top  vs.  the  bottom 
of  a  24-hour  dial. 

Mock-ups  of  the  11  clocks  were  prepared  with  movable  hands  and 
then  photographed  with  the  hands  in  different  positions  to  make 
up  the  actual  items  of  a  printed  test.  Tins  test  was  made  up  in  two 
parts.  In  part  I  there  were  10  reproductions  of  each  clock  face.  The 
different  dial  designs  were  intermingled  in  a  predetermined  irregular 
sequence  so  that  the  subject  was  required  to  change  from  one  dial 
to  another  as  he  worked  on  the  successive  items  of  the  test.  A  time 
lsntit  was  used  for  the  entire  part,  and  thus  no  speed  data  could  be 
obtained  for  any  individual  dial  design.  Part  II  of  the  test  was  pre¬ 
pared  with  10  reproductions  of  each  dial  presented  successively,  thus 
making  possible  the  use  of  a  time  limit  for  each  of  the  11  designs 
presented-  In  part  II,  therefore,  both  accuracy  ami  speed  data  could 
bo  obtained. 

In  selecting  the  time  settings  to  be  used  in  the  actual  test,  an  attempt 
was  made  to  control  the  average  difficulty  of  the  items  for  all  clocks, 
by  equaling  such  factors  ns  number  of  a.  m.  and  p.  m.  readings, 
number  of  readings  at  5-minute  positions,  average  magnitude  of 
minute  readings,  and  the  number  of  hour  readings  at  major  positions 
{i.e,  3,  0, 12,  15,  etc.).  In  determining  the  sequence  in  which  the  test 
items  appeared  in  part  I  of  the  booklet,  precautions  were  taken  to 
insure  that  there  was  r.c  grouping  of  u  particular  clock  near  the 
beginning  or  end  of  the  test.  The  actual  test  items  used  in  part  II 
of  the  test  employed  time  settings  different  from  those  used  in  part  I. 

This  test  was  administered  to  G2  rated  military  personnel  at 
Wright  Field  and  to  100  advanced-mathematics  students  in  a  Dayton 
high  school.  All  subjects  took  part  I  of  the  test  prior  to  part  II.  In 
taking  jwrt  II  of  the  test,  however,  approximately  one-half  of  the 
subjects  began  at  the  front  of  the  test  booklet.  The  remaining  one- 
half  of  each  group  took  part  II  of  the  test  in  reverse  order.  *  That  is, 
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they  first  completed  the  10  items  for  the  last  dial  design  in  the  booklet 
in  the  order  in  which  they  appeared,  then  those  for  the  second  last  dial 
design  in  the  booklet,  etc.  For  the  rated  military  personnel,  a  time 
limit  of  15  minutes  was  used  on  part  I  of  the  test  and  a  time  limit  of 
45  seconds  on  each  section  of  part  II  of  the  test.  For  the  high- 
school  students,  a  10-minute  time  limit  was  used  for  part  I  and  a 
1-ininutc  time  limit  for  each  section  of  part  II. 


RESULTS 

A  summary  of  the  major  results  of  this  experiment  is  presented 
in  tnblo  0.1,  which  shows  the  percent  errors  (of  one  or  more  minutes) 
on  each  clock,  for  both  parts  of  the  test,  and  for  both  groups  of 
subjects.  The  table  also  shows  the  time  per  clock  reading  in  seconds 
for  part  II  of  the  test,  for  both  groups  of  subjects.  At  the  bottom 
of  the  table  arc  shown  the  estimated  differences  required  for  signifi¬ 
cance  at  the  1-pcrcent  level.  Wherever  the  differences  in  the  results 
for  any  two  clocks  arc  equal  to  or  greater  than  the  differences  at  the 
bottom  of  the  table,  they  can  be  assumed  to  be  genuine  differences 
and  not  the  result  of  chance  factors. 


Tawjc  0.1. — Percent  errors  and  time  per  reading  for  eleven  experimental  clock 
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The  results  presented  in  table  G.l  are  also  presented  in  the  form  of 
bar  diagrams  in  figures  6.2,  6.3,  and  6.4.  It  will  be  noted  in  table  6.1 
and  figures  6.2,  6.3,  and  6.4  that  the  data  for  high-school  students  and 
rated  personnel  present  substantially  the  same  over-all  picture.  In 
general,  also,  the  differences  which  appeared  among  the  dials  in  part 
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Florin  0.2. — Percent  errors  In  military  time  readings  on  11  eii^rimentnl  Hock 

dials  (part  I). 

I  of  the  test  reappear  in  part  II.  Thus,  although  many  of  the  differ¬ 
ences  between  dials  on  one  part  of  the  test  and  for  one  group  of  subjects 
are  not  significant,  the  fact  that  (he differences  are  in  the  same  direction 
m  part  II  and  for  the  other  group  of  subjects  greatly  increases  the 
likelihood  that  the  differences  are  significant. 
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In  general,  accuracy  of  readings  was  somewhat  lower  in  part  II 
of  the  experiment,  probably  because  the  timing  of  individual  sections 
motivated  the  subjects  to  work  at  greater  speed. 

In  table  G.2,  an  analysis  is  presented  of  the  various  types  of  error 
made  on  the  different  clock  dials.  Most  of  the  errors  were  1  minute, 
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Fiona:  0.3. — Perceut  errors  In  military  time  readings  oil  11  experimental  clock 

dials  (part  II). 

5  minutes,  1  hour,  or  12  hours  in  magnitude.  The  frequency  of  each 
of  these  types  of  error  is  presented  for  each  dial  for  a  random  sample 
of  military  personnel  and  another  random  sample  of  high-school 
students. 
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INTERPRETATION  OF  RESULTS  AND  CONCLUSIONS 

Twelve-hour  vs.  Twr  nty-four-hour  Dial 
Comparison  of  the  first  five  with  the  last  six  docks  in  table  6.1  shows 
that  there  is  no  major  advantage  in  favor  of  either  the  12-  or  2-1-hour 
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(part  II). 


dial,  although  24-hour  dials,  types  G  and  J,  arc  superior  to  tho  two 
best  12-hour  dials,  types  A  and  B.  This  is  particularly  truo  for  sliced 
of  reading.  The  24-hour  clock  showed  somewhat  more  1-hour  errors, 
probably  because  of  the  smaller  spacing  of  the  hour  numerals. 
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Taihjc  C.2. — Frequency  of  several  types  of  error  in  reading  It  experimental  clock 

dials  ( part  ll  of  test ) 


•  Entries  In  Uh1«  ora  total  numbers  of  errors  of  site  Indicated,  regardless  of  direction,  for  20  randomly 
selected  subjects. 

Numerals  vs.  No  Numerals  on  Minute  Scale 
The  comparison  of  clocks  A  and  B  does  not  reveal  any  significant 
advantage  to  placing  numerals  on  the  minute  scale  of  a  12-hour  dial. 
In  the  case  of  the  24-liour  dial,  however,  as  indicated  by  comparison 
of  clocks  F  and  G,  there  does  appear  to  be  a  definite  advantage  in 
favor  of  numerals  on  the  minute  scale.  Dials  without  numerals  on 
the  minute  scale  show  a  somewhat  higher  proportion  of  5-minute 
errors  in  table  6.2. 

One-minute  vs.  5-minute  Graduations  on  the  Minute  Scale 
Comparison  of  clocks  A  and  C,  and  F  and  I  indicates  a  significant 
difference  in  favor  of  placing  graduations  at  1-minutc  intervals  when 
readings  aro  required  to  an  accuracy  of  1  minute.  Clocks  C  and  I 
show  a  high  proportion  of  1-minute  errors. 

Numerals  at  All  Hourly  Positions  vs.  Replacement  of  Some  Numerals  With  Mere 
Reference  Marks 

Comparison  of  clocks  A  and  D,  and  clocks  F  and  II  indicates  a 
loss  in  accuracy  when  numbers  are  omitted  at  some  of  the  hourly 
divisions. 

Addition  of  a  13-  to  24-hour  Scale  on  a  12-hour  Dial 
Clock  E,  with  the  13-  to  24-hour  scale  added  was  inferior  to  clock 
A  without  such  a  scale. 

Placement  of  24-hour  Position  at  the  Top  vs.  the  Bottom  of  a  24-hour  Dial 
Clock  G,  with  the  24-hour  position  at  the  top,  was  best  in  part  I 
of  the  test,  whereas  J,  with  this  position  at  the  bottom,  was  best  in 
part  II  of  the  test.  This  would  suggest  that  in  a  situation  where  an 
individual  can  become  accustomed  to  reading  a  particular  clock,  as 
in  part  II  of  the  test,  there  is  some  advantage  to  placing  the  24-hour 
position  at  the  bottom  of  the  dial. 


Placement  of  the  60-minute  Position  at  the  Top  vs.  the  Bottom  of  the  24-hour 
Dial 

The  results  for  clock  K  show  quite  clearly  that  the  unconventional 
location  of  the  GO-minutc  position  at  the  bottom  of  the  dial  causes 
a  high  percentage  of  errors  and  should  therefore  be  avoided. 

SUMMARY  AND  CONCLUSIONS 

The  purpose  of  this  investigation  was  to  evaluate  a  number  of  the 
possible  factors  in  the  design  of  clock  dials  which  affect  the  speed 
and  accuracy  of  readings  in  miltary  (2400-hour)  time.  Fivo  experi¬ 
mental  variations  of  the  12-hour  dial  and  G  variations  of  the  24-hour 
dial  were  presented  as  items  in  a  printed  test.  This  test  was  designed 
for  obtaining  data  on  both  speed  and  accuracy  of  readings  of  the  11 
different  types  of  clock  dials.  This  test  was  administered  to  62  rated 
military  personnel  and  to  100  advanced  high-school  students.  From 
the  results  of  this  investigation  the  following  conclusions  arc  drawn : 

1.  The  best  24-hour  dial  can  bo  read  moro  quickly  and  accurately 
in  military  time  than  the  best  12-hour  dial. 

2.  Numerals  on  the  minute  scale  (as  contrasted  with  lack  of  such 
numerals)  increases  clock-reading  speed  and  accuracy,  particularly 
for  the  24-hour  dial. 

3.  When  readings  are  required  to  an  accuracy  of  1  minute,  diab  with 
1-minutc  intervals  on  the  minute  scale  can  be  read  moro  quickly  and 
accurately  than  dials  with  5-minute  intervals. 

4.  The  replacement  of  some  of  the  hourly  numerals  with  mere  dots 
or  reference  marks  reduces  the  speed  and  accuracy  of  clock  reading. 

5.  The  addition  of  a  13-  to  24-hour  scale  to  a  12 -hour  dial  for  after¬ 
noon  readings  does  not  increase  the  ease  of  reading  a  12-hour  dial  in 
military  time. 

G.  The  placement  of  the  24-hour  position  at  the  bottom  of  tho  hour 
scale  appears  to  be  slightly  superior  to  its  placement  at  the  top  of 
the  hour  scale.  This  dial  arrangement  leaves  the  noon  (12-hour) 
position  in  its  conventional  location,  and  gives  the  hour  hand  a  logical 
relation  to  the  rotation  of  the  sun  about  the  earth. 

7.  Placement  of  the  GO- mi  mite  position  at  tho  bottom  of  the  minute 
scale  on  a  21-hour  dial  (as  contrasted  with  the  conventional  location 
at  the  top)  greatly  decreases  tho  accuracy  of  dock  reading. 

8.  The  results  suggest  that  the  best  dial  for  readings  in  military 
time  would  be  a  21-hour  dial  with  the  midnight  (24-hour)  position 
at  the  bottom  of  the  hour  scale,  with  the  GO-minuto  position  at  the  top 
of  the  minute  scale,  with  1-minutc  graduations  on  the  minute  scale, 
with  numerals  at  5-minutc  graduations  on  tlu;  minute  scale,  with  nu¬ 
merals  at  all  positions  on  tho  hour  scale,  and  with  shading  of  tho  lower 
half  of  the  dial  to  represent  nighttime. 
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CHAPTER  SEVEN _ _ 

Speed  and  Accuracy  of  Dial 
Reading  as  a  Function  of  Dial 
Diameter  and  Angular  Separation 
of  Scale  Divisions' 

Walter  F.  Gretiier  and  A.  C.  Williams,  Jr. 


INTRODUCTION 

The  pilot  of  a  modern  airplane  is  presented  with  a  large  variety  of 
instruments,  all  of  which  must  be  compressed  into  the  relatively  small 
area  of  the  instrument  panel.  In  order  to  make  the  best  use  of  the 
available  space,  it  is  important  that  the  size  of  various  dials  be  in 
proportion  to  the  accuracy  required  in  their  reading.  There  are, 
however,  no  known  available  data  which  speci  fy  the  dial  characteristics 
necessary  to  obtain  a  certain  degree  of  reading  accuracy.  It  was  the 
purpose  of  the  present  experiment  to  determine  the  manner  in  which 
the  speed  and  accuracy  of  dial  reading  vary  as  a  function  of  the 
diameter  of  circular  dials.  Since  the  accuracy  of  dial  reading  must 
at  the  same  time  bo  a  function  of  the  spacing  between  graduations, 
this  factor  also  was  included  as  a  variable  to  be  investigated.  In  order 
to  make  the  data  applicable  to  the  varied  conditions  encountered  in 
flight,  measurements  were  made  under  both  simulated  day  and  simu- 
lated  night  conditions. 

The  purpose  in  carrying  out  this  experiment  was  to  obtain  data 
which  would  be  useful  in  defining  the  characteristics  of  instrument  dials 
to  obtain  specified  degrees  of  reading  accuracy.  In  other  words,  know- 

'TIiIh  experiment  wan  carried  out  at  the  University  of  lttlnol«  by  Dr.  A.  O.  William*,  Jr., 
under  a  ••dollar-n-yoar"  contract  with  the  Air  Materiel  Command.  Wright  Field.  AU  co.it* 
cjcrjit  for  the  experimental  din!*  and  several  other  component*  of  the  apparatus  were 
home  hjr  the  University  of  Illinois.  The  Initial  arrangements  for  this  project  were  made 
through  Dr.  John  T.  Cowles,  who  later  left  the  university.  Dr.  Walter  F.  fjrelher  proposed 
•  he  study  and  worked  out  much  of  the  eiiwrlmental  design.  The  need  for  dnt*  of  the  type 
obtained  In  this  study  *»•  expressed  by  members  of  the  Instrument  and  Navigation  Branch 
of  the  Equipment  Laboratory,  Engineering  Division,  Wright  Field.  Till*  chapter  I*  based 
upon  research  flndlngs  reported  In  Headquarters,  AMO  Engineering  Division  Memorandum 
Report  No.  TSKA  A-094-1 K. 
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ing  the  numerical  range  to  be  covered,  the  graduation  intervals  which 
most  conveniently  divide  this  range,  and  the  reading  accuracy  required 
in  the  use  of  this  instrument,  it  should  be  possible  from  the  data  of  this 
study  to  sped  fy  the  smallest  dial  size  which  can  be  read  to  the  required 
accuracy  with  a  known  statistical  probability. 

APPARATUS 

For  the  purposes  of  this  experiment  a  series  of  16  simulated  instru¬ 
ment  dials  was  prepared,  of  which  a  sample  is  illustrated  in  figure  7.1. 


Fiouiie  7.1.— Sample  Experimental  Dial.  Actual  dials  were  reverse  of  above  color 
relationship  (actually  pale  yellow  on  black).  Above  sample  Is  of  4-lach  diameter 
and  UO*  angular  separation  of  scale  divisions. 

The  four  followhyr  sizes  of  dials  were  used :  1, 1%,  2%,  and  4  inches  in 
diameter*  Each  size  of  dial  was  produced  with  four  different  gradua¬ 
tion  intervals,  defined  in  tonus  of  the  angular  separation  between  scale 
marks  as  follows:  5, 10, 20,  and  40°.  Except  for  the  variations  in  di¬ 
ameter  and  graduation  intervals,  all  dials  were  identical.  The  width 
and  length  of  the  graduations  and  the  size  of  the  numerals  were  con¬ 
stant,  and  all  dials  covered  a  range  of  from  0  to  50  units,  with  gradua¬ 
tion  marks  at  the  0, 10, 20, 30,  10,  and  50  positions.  The  width  of  the 
pointers  also  was  constant  although  the  length  obviously  varied  wdth 

•  1%-tneh  and  2*J-lnch  dial*  were  chosen  beetuM  AAF  Instruments  Iiiyc  been  atandard- 
lied  in  these  two  sites. 
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dial  diameter.  These  experimental  dials  were  engraved  on  brass 
plates.  The  plates  were  then  painted  a  dull  black  and  tho  engraved 
markings  filled  with  orange  fluorescing  paint  (pale yellow  in  daylight) , 
as  used  on  the  latest  type  of  AAF  instruments. 

The  experimental  dials  were  presented  singly  in  a  panel-opening  30 
inches  from  and  perpendicular  to  the  subject’s  eyes.  Daylight  condi¬ 
tions  were  simulated  with  a  fluorescent-type  daylight  lamp  which  pro¬ 
vided  an  iiluininntion  of  45  foot-candles  at  the  panel  opening.  For 
simulation  of  night  conditions  the  subjects’  room  was  completely  dark¬ 
ened  and  the  dial  illuminated  with  a  standard  C-5  ultraviolet  aircraft 
instrument-panel  light  operating  at  maximum  intensity.  No  means 
was  available  for  obtaining  a  quantitative  measurement  of  the  bright¬ 
ness  of  the  scale  markings  under  ultraviolet  illumination.  Covering 
the  opening  in  which  the  experimental  dials  were  presented  wa3  a 
mechanical  shutter  operated  by  the  experimenter. 

On  the  experimenter’s  side  of  the  test  panel  was  a  carriage  on  which 
four  of  the  dials  could  be  mounted  side  by  side.  This  carriage  rode 
upon  two  horizontal  tracks  parallel  to  the  screen.  To  present  any 
one  of  the  dials,  therefore,  the  experimenter  moved  the  carriage  so 
that  the  desired  dial  would  appear  in  the  panel  opening.  At  the 
experimenter’s  side  of  the  carriage  were  four  master  setting  dials  5 
inches  in  diameter.  On  each  of  these  dials  was  a  pointer  connected 
to  the  same  shaft  as  the  pointer  on  the  dial  to  be  read  by  the  subject. 
On  the  experimenter’s  dials  were  closely  spaced  graduations  which 
made  possible  accurate  settings  in  tenths  of  the  space  between  grad¬ 
uations  on  the  subject’s  dials. 

Aire  provided  at  the  experimenter’s  station  was  a  lever  for  manual 
operation  of  the  shutter  used  to  expose  the  dial  to  tho  subject.  This 
lever  was  used  also  to  operate  an  electric  timer  through  a  suitable 
switch.  Thus,  tho  timer  indicated  the  time  during  which  tho  shutter 
remained  open.  Since  tho  experimenter  closed  tho  shutter  as  soon 
as  the  dial  reading  had  been  completed,  the  reading  on  tho  clock 
gave  a  crude  measure  of  the  reaction  time  on  each  lest  trial.  Several 
other  methods  of  measuring  reaction  time  were  tried  but  found  to  bo 
unsatisfactory. 

TEST  PROCEDURE  AND  SUBJECTS 

Eighty  male  college  students  were  used  as  subjects  in  this  experi¬ 
ment.  Only  men  with  20-20  binocular  vision  (corrected  or  uncor- 
reetod)  were  accepted  for  the  experiment.  The  subjects  were  seated 
in  a  chair  in  front  of  the  screen  with  their  eyes  30  inches  from  tho 
panel  opening  and  with  tho  line  of  sight  perpendicular  to  tho  panol 
opening  in  order  to  eliminate  parallax.  Tho  subjects  were  divided 
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into  groups  of  20,  each  group  being  tested  on  a  set  of  4  dials. 
The  4  dials  included  one  of  each  diameter  and  one  of  each  graduation 
interval.  Each  subject  was  given  a  total  of  80  trials,  equally  divided 
among  the  4  dials  in  a  random  sequence.  Of  each  group  of  20  subjects, 
10  were  tested  under  simulated  daylight  conditions  and  the  remaining 
10  under  simulated  night  conditions. 

A  variety  of  dial  settings  was  chosen  so  as  to  represent  ail  portions 
of  the  dial  from  0  to  50.  The  actual  numbers  to  be  read  were  the 
same  for  all  dials  although  the  order  of  presentation  was  randomized. 
The  subjects  were  instructed  to  read  the  dials  as  quickly  and  accur¬ 
ately  as  possible  to  the  nearest  whole  number.  As  can  be  seen  in 
figure  7.1,  the  reading  to  the  nearest  whole  number  required  estimation 
to  the  nearest  one-tenth  of  the  distance  between  graduations. 

On  each  trial  the  experimenter  set  the  pointer  of  the  dial  to  be 
presented,  then  opened  the  shutter  and  waited  for  the  subject’s  verbal 
response,  following  which  the  shutter  was  closed  and  the  subject’s 
reading  and  the  clock  score  recorded. 

RESULTS 

For  each  dial  four  frequency  distributions  were  made,  each  distribu¬ 
tion  having  an  N  of  200  readings.  These  were  (1)  distribution  of 
errors  under  day  conditions,  (2)  distribution  of  errors  under  night 
conditions,  (3)  distribution  of  time  cf  readings  under  day  conditions, 
and  (4)  distribution  of  time  of  readings  under  night  conditions.  Tb~ 
step  interval  of  the  error  distributions  was  an  error  of  one  digit  which, 
in  each  case,  was  equal  to  one-tenth  of  the  space  between  graduations. 
Error  distributions  were  made  without  regard  to  sign,  all  errors  being 
considered  positive.  Both  the  error  and  time  distributions  were 
found  to  be  considerably  skewed.  This  was  particularly  true  of  the 
error  distributions  where,  in  many  cases,  the  modal  error  was  zero. 
Because  of  the  highly  skewed  nature  of  the  distributions,  the  statisti¬ 
cal  treatment  in  this  report  has  been  limited  to  medians  and  75th  per¬ 
centile  points.  Means  were  computed  from  the  data  and  found  to 
show  substantially  the  same  picture  as  the  medians 

In  table  7.1  is  shown  the  median  dial-reading  error  for  simulated 
daylight  conditions.  The  median  is  presented  first  in  tenths  of  the 
graduation  interval,  which  was  actually  the  unit  in  which  the  subjects 
were  required  to  read  the  dials.  Also  given  in  the  table  is  the  same 
error  converted  into  degrees.  In  table  7.2,  corresponding  data  are 
shown  for  simulated  night  conditions.  The  data  from  these  two 
tables  havo  been  combined  and  ure  shown  in  graphic  form  in  figure 
7.2.  A  stiil  different  picture  of  the  results  is  given  in  table  7.3  which 
gives  the  75th  percentile  error  in  reading  of  the  same  dials. 
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Table  7-1. — Median  dial-reading  error  for  simulated  daylight  conditio n$ 
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Table  7.3. — 15th  percentile  error  in  dial-reading  for  simulated  day  and  night 
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DIAL  DIAMETER- INCHES 

Fiou&c  7.2. — Median  dial-reading  error  in  decrees  na  a  function  of  dial  diameter 
for  day  and  night  conditions  combined. 


In  table  7.4  the  median  dial-reading  time  is  shown  separately  for 
both  day  and  night  conditions. 


Tac«x  7.4.— If edian  dial-reading  time  for  simulated  day  and  simulated  night 
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A  still  further  analysis  of  the  data  is  given  in  figure  7.3,  which  shows 
tile  median  dial-reading  error  for  each  of  the  16  dials  plotted  against 
the  graduation  interval  in  inches.  For  this  purpose  the  length  of 
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Figure  7.3L — Median  dial-reading  error  In  tenths  of  graduation  interval  plotted 
ns  &  function  of  length  of  graduation  interval  for  day  and  night  conditions 
combined.  , 


tho  graduation  intervals  is  measured  along  the  arc  of  the  circle  joining 
the  outer  edges  of  adjacent  graduation  marks.  In  this  graph  tho  two 
variables  of  dial  diameter  and  angular  separation  between  scalo  divi¬ 
sions  have,  in  a  sense,  been  reduced  to  the  single  variable  of  the  length 
of  graduation  interval. 

DISCUSSION  OF  RESULTS 

It  is  apparent  from  comparison  of  table  7.1  and  table  7.2  that  there 
is  no  consistent  difference  in  accuracy  of  dial  reading  for  day  and 
night  conditions.  Only  the  1-inch  dial,  with  5°  graduation  intervals 
showed  any  real  difference  in  accuracy  under  the  two  conditions.  It 
was  because  of  the  general  lack  of  difference  that  the  two  sets  of  results 
were  combined  in  figure  7.2  and  table  7.3.  This  lack  of  difference 
between  day  and  night  conditions  came  os  somewhat  of  a  surprise, 
since  it  had  been  anticipated  that  the  low  visual  acuity  in  dim  light 
would  be  refieeted  in  lower  accuracy  of  dial  reading.  This  did  not 
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prove  to  be  the  case  except  for  the  1-inch,  56  dial  on  which  the  grad¬ 
uations  were  most  closely  spaced.  It  must  be  pointed  out,  however, 
that  the  ultraviolet  light  source  was  adjusted  to  maximum  intensity, 
and  that  the  results  might  have  been  quite  different  had  a  lower  level 
of  intensity  been  used. 

The  error  results  as  summarized  in  figure  7.2  show  quite  clearly  that 
the  accuracy  of  dial  readings  is  a  function  of  both  dial  diameter  and 
angular  spacing  of  scale  divisions.  It  is  interesting  to  note,  however, 
that  in  the  case  of  the  40*  dials  there  is  a  reversal  in  the  curve  and  that 
the  error  in  degrees  for  the  4-inch  dial  is  larger  than  for  the  1%-inch 
and  2% -inch  dials.  This  suggests  that  a  dial  may  be  too  large  as  well 
ns  too  small  for  greatest  reading  accuracy.  It  is  quite  probable  that 
the  same  phenomenon  would  have  appeared  for  some  of  the  other  scale 
intervals  had  the  experiment  been  carried  out  to  sufficiently  large  dial 
diameters.  From  the  data  of  figure  7.2  it  should  be  possible  to  esti¬ 
mate  with  reasonable  accuracy  the  median  dial-reading  error  to  be 
expected  from  any  specific  design  of  dial.  It  should  be  remembered, 
however,  that  these  results  are  for  more  or  less  ideal  conditions  with 
little  or  no  parallax,  no  vibration,  and  good  lighting. 

As  can  be  seen  in  figure  7.3  the  two  variables,  dial  diameter  and 
angular  spacing  of  scale  divisions,  can  be  replaced  by  a  single  variable, 
length  of  graduation  interval.  When  plotted  in  this  manner  the  data 
for  the  1G  dials  fit  a  single  curve  reasonably  well.  It  would  appear 
from  figure  7.3  that  the  accuracy  of  dial  reading,  relative  to  the  space 
between  graduations,  increases  with  the  size  of  the  graduation  interval 
up  to  intervals  of  approximately  0.7  inch.  As  the  graduation  inter¬ 
vals  are  increased  beyond  this  length  there  appears  to  be  a  slight 
reduction  in  accuracy. 

In  studying  the  time  of  reading  for  the  different  dials  as  summarized 
in  table  7.4,  it  is  readily  apparent  that  the  median  time  of  reading  is 
somcwlmt  higher  for  night  conditions.  On  the  other  hand,  there  ap¬ 
pears  to  be  no  consistent  or  systematic  relationship  between  the  time 
of  reading  and  either  dial  diameter  or  angular  spacing  of  the  divisions. 
This  finding  comes  as  somewhat  of  a  surprise  until  we  recall  that  the 
reading  time  was  a  relatively  crude  measure  and  included  the  time 
required  for  verbal izaiion  ns  well  as  for  perception,  plus  the  experi¬ 
menter’s  reaction  time  in  closing  the  shutter.  It  is  possible  that  actual 
relationships  exist  which  were  obscured  by  the  crudeness  of  the  time 
measure.  The  difference  in  reading  time  for  day  versus  night  condi¬ 
tions  could  very  well  have  resulted  from  the  delay  between  opening  of 
the  shutter  and  the  fluorescing  of  the  scale  markings.  Some  time  was 
required  for  the  fluorescent  markings  to  reach-  maximum  brightness 
after  being  illuminated  by  ultraviolet  light. 
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SUMMARY  AND  CONCLUSIONS 


A  study  was  made  of  the  speed  and  accuracy  of  reading  dials  ranging 
from  1  to  4  inches  in  diameter  and  from  5°  to  40°  in  angular  separa¬ 
tion  of  scale  markings.  Heading  of  the  dials  was  required  in  units 
equal  to  one-tenth  of  the  space  between  scale  divisions.  Thus,  the 
problem  of  reading  was  primarily  one  of  estimating  the  position  of  the 
pointer  between  scale  graduations.  Measurements  were  made  for 
both  simulated  daylight  and  simulated  night  conditions  with  ultra¬ 
violet  illumination.  College  students  at  the  University  of  Illinois 
were  used  as  subjects.  The  results  of  this  experiment  may  be  sum¬ 
marized  as  follows: 

1.  Except  in  the  case  of  the  smallest  dial  and  the  smallest  graduation  ' 
intervals,  accuracy  of  reading  was  not  significantly  di  lie  rent  under  the 
day  and  night  conditions  compared,  but  the  ultraviolet  illumination 
used  in  the  night  conditions  was  of  relatively  high  intensity.  . 

2.  Accuracy  of  dial  reading  increased  with  increase  in  dial  diameter. 
For  40°  graduation  intervals,  however,  the  accuracy  of  dial  readings 
tended  to  decrease  as  dial  diameter  exceeded  2  inches. 

3.  Except  for  very  large  intervals  the  accuracy  with  which  the  posi¬ 
tion  of  a  pointer  was  estimated  relative  to  the  space  between  gradu¬ 
ations  increased  with  increase  in  size  of  the  graduation  intervals.  The 
accuracy  of  dial  readings  in  degrees,  however,  decreased  as  the  size 
of  the  graduation  intervals  increased. 

4.  The  data  on  accuracy  of  readings  for  all  1G  dials  were  found  to 
fit  reasonably  well  along  a  single  curve  when  accuracy  was  plotted  as 
a  function  of  length  of  graduation  interval.  Accuracy  was  found  to 
increase  up  to  graduation  intervals  of  approximately  0.7  inch,  and 
appeared  to  decline  for  longer  intervals. 

5.  The  speed  of  dial  reading  was  not  systematically  related  to  either 
size  of  the  dial  or  the  graduation  intervals.  Although  this  finding 
may  be  a  consequence  of  the  crudity  of  the  time  measure,  a  difference 
was  found  in  reading  time  for  day  as  compared  with  night  conditions 
which  was  probably  an  artifact  resulting  from  the  delay  in  fluorescence 
of  the  dial  markings  under  ultraviolet  light. 
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CHAPTER  EIGHT _ 

An  Experimental  Evaluation  of  the 
Interpretability  of  Various  Types 
of  Aircraft  Attitude  Indicators' 

Roger  Brown  Loucks 


INTRODUCTION 

The  adaptability  of  the  human  organism  is  such  that  an  individual 
with  normal  aptitude  cun  learn  to  interpret  almost  any  typo  of  flight 
indicator.  There  are  important  differences,  however,  in  the  ease  with 
which  various  types  of  aircraft  attitude  indicators  can  bo  read. 
Ground-trainer  instructors  report  that  beginning  students  find  the 
conventional  artificial  horizon  or  attitude  indicator  difficult  to  inter¬ 
pret.  Unless  extremely  vigilant,  the  beginner  tends  to  movo  his  con¬ 
trol  stick  so  as  to  increase  the  amount  of  roll  whenever  ho  trys  to 
return  to  level  flight.  It  has  also  been  reported  that  experienced  pilots 
with  inadequate  instrument  training  sometimes  become  so  seriously 
disoriented  in  a  cloud  bank  that  they  slip  into  a  spin.  It  would  ap¬ 
pear,  therefore,  that  there  is  a  certain  degree  of  inherent  ambiguity 
in  the  conventional  type  of  attitude  indicator.  The  question  thus 
arises  as  to  whether  or  not  some  other  type  of  design  might  not  present 
the  aircraft’s  attitude  more  clearly. 

The  relative  effectiveness  of  two  instrument  designs  can  bo  deter¬ 
mined  by  measuring  tho  rapidity  with  which  two  representative 

1  The  InltlAl  report  of  (hr  Investigation  to  tie  described  In  tills  diopter  was  circulated  23 
June  10t5  os  Project  No.  .HI.  27th  AAF  Hose  Unit.  AAF  School  of  Aviation  Medicine,  Ran¬ 
dolph  Field,  Tex.  The  experimental  work  was  conducted  In  the  Department  of  Psychology, 
AAF  School  of  Aviation  Medicine,  of  which  Col.  Arthur  W.  Melton  was  chief.  Recognition 
N  due  Colonel  Melton  for  Ids  active  cooperation  and  assistance  In  this  project,  nnd  to  I.t.  Col. 
Paul  M.  Fitts,  of  the  Office  of  the  Air  Surgeon,  for  Ids  aid  In  obtaining  the  ground  trainer 
And  the  (light  Instruments  which  made  tho  study  possible.  Special  assistance  was  ren¬ 
dered  by  I.t.  Karl  Green.  Department  of  Statistics,  AAF  School  of  Aviation  Medicine,  In 
the  analysts  of  the  experimental  data  reported  In  this  study.  Opi.  James  A.  Capper,  who 
tested  a  majority  of  the  subjects  In  tile  project,  contributed  many  valuable  suggestions  for 
Improving  the  standardization  of  the  testing  procedure.  S/Sgt.  Alrln  M.  Williams  w»« 
largely  responsible  for  Instituting  various  maintenance  procedures  which  serred  to  keep 
the  performance  of  tho  ground  trainer  at  a  stable  level  of  performance.  Assistance  In  tba 
testing  of  subjects  and  the  processing  of  tbe  data  was  rendered  by  T/Sgt.  Austin  J.  Jernt- 
k-tn.  Cpl.  Charles  I,.  Phillips,  and  Pfe.  Mortou  Lerln. 
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groups  of  novices  master  the  use  of  the  respective  indicators.  Con¬ 
sidered  merely  from  the  standpoint  of  ofiicicney  in  pilot  training,  the 
instrument  which  can  be  correctly  read  with  the  minimum  of  training 
has  an  important  and  practical  advantage  over  other  designs.  It  is 
also  significant  that  any  skill  which  is  acquired  with  relatively  little 
effort  must,  for  that  very  reason,  be  compatible  with  the  subject’s 
habitual  and  inborn  reaction  tendencies.  The  indicator  which  the 
novice  can  interpret  most  easily  provides  the  minimal  possibility  of 
error  when  used  by  the  more  experienced  pilot  who  has  been  trained 
on  that  same  instrument.  In  contrast,  the  indicator  which  is  difficult 
to  master  usually  causes  confusion  because  it  tends  to  elicit  perceptual- 
motor  responses  which  conflict  with  those  required  for  correct  inter¬ 
pretation.  The  ambiguous  instrument  requires  the  subject  to  inhibit 
or  block  his  immediate  or  direct  response  tendency  and  forces  him  to 
substitute  an  “unnatural’’  or  sophisticated  reaction.  Inasmuch  as  an 
individual’s  perceptual  habits  are  usually  built  up  over  a  period  of 
yea  re  and,  in  many  instances,  are  based  upon  inborn  reaction  tend¬ 
encies,  an  instrument  which  requires  a  subject  to  break  up  such  well- 
established  response  systems  is  to  be  avoided  wherever  possible.  Not 
only  is  n  needlessly  long  period  of  training  required  to  master  such 
types  of  instruments,  but  the  possibility  never  can  be  completely 
eliminated  that  under  conditions  of  stress  or  fatigue  the  pilot  may 
revert  to  his  original  and  more  “natural”  way  of  interpreting  the  in¬ 
strument.  Under  the  emotional  stress  of  an  emergency  situation  there 
is  always  a  certain  probability  that  a  pilot  will  misinterpret  an  in¬ 
dicator  if  he  has  had  to  disrupt  or  block  his  “natural”  responses  in 
learning  to  use  the  instrument.  Any  indicator  which  is  ambiguous  to 
the  novice  is  thus  a  potential  source  of  error  to  even  the  experienced 
pilot,  particularly  in  those  Jtuations  which  produce  excessive  emo¬ 
tional  stress  or  fatigue.  The  instrument  which  the  novice  has  diffi¬ 
culty  in  interpreting  is  thus  not  only  inefficient  from  the  standpoint  of 
training  hut  a  potential  source  of  aircraft  accidents. 

In  attempting  to  assess  the  relative  effectiveness  of  a  particular  air¬ 
craft  instrument  design,  tho  performance  of  novices  should  be 
weighted  very  heavily.  In  the  experienced  pilot,  the  veneer  of  train¬ 
ing  has  so  thickly  covered  up  tho  initial,  direct,  and  “natural”  responses 
to  tho  conventional  attitude  indicator  that  it  is  almost  impossible  to 
lecall  the  difficulties  experienced  when  starting  instrument  training. 
Hated  pilots  can  frequently  give  valuable  suggestions  as  to  particular 
situations  or  maneuvers  which  should  be  taken  into  account  when 
evaluating  a  particular  type  of  instrument.  But  experienced  airmen 
generally  hold  widely  differing  views  ns  to  the  effectiveness  of  a 
particular  instrument  design  or  panel  arrangement.  It  is  evident  that 
each  pilot's  opinion  arises  out  of  his  particular  training  and  experience. 
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The  most  effective  type  of  arrangement  for  one  man  may  cause  a  seri¬ 
ous  degree  of  confusion  in  another  pilot  who  has  had  a  different  type 
of  training.  Inasmuch  as  the  subjective  impressions  of  consultants 
tend  to  be  so  very  diverse,  the  only  sound  basis  for  a  comparative  evalu¬ 
ation  of  two  instrument  designs  is  the  objective  performance  of  groups 
of  representative  individuals  whose  training  and  experience  are  known. 
As  has  been  pointed  out,  the  speed  and  accuracy  which  the  novice  dis¬ 
plays  in  mastering  a  particular  instrument  reflects  the  degree  to  which 
that  skill  is  compatible  with  his  “natural”  perceptual  and  motor  habits. 
Since  this  would  not  be  true  in  the  case  of  the  experienced  instrument 
flier,  because  of  the  specialized  training  ho  has  received  in  learning 
to  use  specific  indicators,  the  data  obtained  from  the  performance  of 
novices  is  of  unique  importance. 

Although  the  fundamental  data  with  regard  to  the  interpretability 
of  particular  instruments  must  bo  obtained  from  novices,  there  aro 
certain  practical  considerations  which  enter  into  the  over-all  evalu¬ 
ation  of  a  specific  design.  Whenever  a  new  instrument  is  introduced, 
there  are  large  numbers  of  pilots,  trained  on  conventional  instruments, 
who  must  learn  to  use  the  new  design.  It  is  essential,  therefore,  that 
experienced  instrument  fliers  be  tested  in  order  to  determine  the  rela¬ 
tive  degree  of  confusion  caused  by  a  new  design.  Where  thcro  is  the 
possibility  of  a  choice  between  two  new  designs,  each  of  which  is  supe¬ 
rior  to  the  conventional  instrument  as  judged  by  the  performance  of 
novices,  the  one  which  causes  the  experienced  pilot  the  lesser  degreo 
of  habit  interference  is  obviously  the  better  of  the  two.  In  certain  in¬ 
stances,  an  innovation  can  be  introduced  without  causing  the  experi¬ 
enced  pilot  any  difficulty  because  the  change  is  so  radical  that  he  re¬ 
acts  to  the  modified  design  as  if  it  were  a  unique  instrument  and  shows 
no  tendency  to  reinstate  the  habits  established  during  previous  in¬ 
strument  training. 

To  insure  a  thorough  and  comprehensive  evaluation  of  an  instru¬ 
ment  requires  that  it  be  tested  in  a  variety  of  situations.  A  particular 
type  of  indicator  might  be  easily  interpreted  so  long  as  tho  pilot  is 
flying  solely  by  instruments,  and  using  the  interior  of  his  cockpit  as 
a  fixed  point  of  reference.  When  the  pilot  is  flying  partly  by  instru¬ 
ments  and  partly  contact,  the  fixed  point  of  reference  may  be  the  true 
horizon.  It  is  conceivable  that  an  instrument  which  proves  satisfac¬ 
tory  in  the  first  situation  might  lead  to  confusion  in  the  second.  For 
example,  many  pilots  when  flying  blind  see  the  cockpit  as  stationary. 
As  a  consequence,  the  horizon  bar  and  pointer  of  the  conventional  at¬ 
titude  indicator  are  seen  to  move  with  regard  to  the  fixed  instrument 
panel.  In  the  second  situation  where  the  pilot  is  flying  contact  part  of 
the  time  and  using  instruments  part  of  the  time,  it  is  possible  for  him 
to  perceive  the  true  horizon  as  remaining  fixed  and  the  instrument 
panel  us.  rotating  about  the  “fixed”  horizon  bar  and  pointer  of  tho  nt- 
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ti tudc  indicator.  A  particular  instrument  should  therefore  be  checked 
in  each  of  the  above  situations.  F urtherinore,  since  visual  perceptions 
of  relative  motion  are  influenced  to  a  certain  degree  by  accelerations, 
which  affect  the  semicircular  canals  and  kinesthetic  sense  organs,  data 
obtained  with  static  or  moving  ground-trainers  should  be  checked  by 
measurements  taken  during  actual  flight.  Various  pilots  have  re¬ 
ported  a  feeling  of  vertigo  in  cloud  formations  when  using  certain  types 
of  attitude  indicators  and  it  is  obvious  that  ground-trainer  work  with 
such  types  of  instruments  should  be  supplemented  by  tests  in  the  air. 

It  is  of  interest  to  review  some  of  the  assumptions  which  influenced 
the  specifications  set  up  for  the  original  design  of  the  conventional 
attitude  indicator.  The  Daniel  Guggenheim  Fund  for  the  Promotion 
of  Aeronautics,  Inc.  financed  an  investigation  of  problems  of  fog 
flying.  A  research  project  was  organized  under  the  direction  of 
Lieutenant  James  H.  Doolittle,  who  was  stationed  at  Mitchcl  Field, 
and  was  made  available  for  this  work  through  the  courtesy  of  the 
United  States  Army  Air  Corps.  In  the  first  report  of  this  work  it 
is  stated  that  (3,  p.  14),  “One  of  Lieutenant  Doolittle’s  projects  was 
the  simplification  of  the  instrument  board  and  the  procurement  of  a 
flight  indicator  which  would  be  simple  and  more  direct  in  its  indication 
and  require  less  translation  and  mental  effort  on  the  part  of  the 
pilot.  .  .  .  The  next  step  toward  the  simplification  of  blind 
flying  was  the  procurement  of  a  single  instrument  which  would  replace 
a  number  of  other  instruments  giving  less  direct  indications.  The 
pilot,  when  the  visibility  is  good,  depends  almost  entirely  on  the 
attitude  of  his  airplane  as  seen  against  the  horizon  line  for  determin¬ 
ing  proper  conditions  of  flight.  It  was  believed  that  this  instrument 
should  take  the  form  of  an  artificial-horizon  lino  mounted  on  the 
instillment  board  and  arranged  in  such  a  way  that  the  pilot  by  looking 
at  it  would  receive  the  same  information  in  maneuvering  as  from  the 
horizon  itself.  Before  initiating  tho  development  of  such  an  instru¬ 
ment,  two  German  artificial-horizon  instruments,  the  Anschutz  and 
tho  Gyrorector,  were  studied  by  Lieutenant  Doolittle  and  were  not 
found  to  bo  completely  satisfactory.  The  instruments  were  not  only 
heavy  and  bulky  but  the  gyros  showed  a  tendency  to  tumble  and  the 
indications  were  not  sufficiently  direct.  The  problem  was  taken  up 
with  the  Pioneer  Instrument  Co.  and  the  Sperry  Gyroscope  Co.  and 
resulted  in  the  construction  by  the  Sherry  Co.  of  an  instrument  which 
gives  a  direct  indication  of  attitude  and  appears  from  its  first  pre¬ 
liminary  tests  to  bo  very  satisfactory.  This  instrument  is  now  being 
redesigned  and  will  soon  be  placed  in  production.”  The  initial 
uccount  of  this  work  was  followed  shortly  afterward  by  a  report  on 
tho  instruments  used  in  the  Full  Flight  Laboratory  (4).  In  the 
description  of  the  special  (light  instruments  used  in  the  demonstration 
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flight  of  September  24,  1029,  it  is  stated  that  (4,  p.  42),  ‘‘The  ideal 
attitude-indicating  instrument  for  airplane  use  is  one  that  shows  a 
miniature  three-dimensional  airplane  integral  with  the  airplane  itself 
in  relation  to  a  miniature  three-dimensional  space,  the  bottom  piano 
of  which  remains  parallel  always  with  the  true  horizon.  Although 
theoretically  ideal,  the  manufacture  of  such  an  instrument  presents 
great  mechanical  complications.  The  next  best  instrument  for  this 
purpose  is  one  that  gives  a  two-dimensional  representation  in  which 
a  picture  of  an  airplane  maneuvers  in  respect  to  a  line  parallel  to  and 
representing  the  horizon.  The  poorest  scheme  of  all  is  the  use  of  an 
indicating  hand,  the  direct  or  indirect  indications  of  which  must  be 
interpreted  by  the  pilot  before  the  necessary  corrections  can  be  made. 

‘‘While  not  quite  ideal,  the  Sperry  Artificial  Horizon  ...  is  a 
great  improvement  over  other  existing  attitude-indicating  instru¬ 
ments  .  .  .  The  face  of  the  instrument  consists  of  a  smooth  back¬ 
ground,  blue  on  the  upper  half  to  represent  the  sky,  shading  to  a 
dark  gray  on  the  lower  half  to  represent  the  ground.  Horizontally 
across  the  middle  of  tins  field  is  a  straight  bar,  both  ends  of  which 
extend  beyond  the  mask  which  surrounds  the  instrument  face.  This 
bar  simulates  the  horizon.  In  front  of  the  bar  and  the  field  is  a 
small  tail  view  of  an  airplane  held  at  the  center  of  the  instrument 
face  as  part  of  the  mask  which  tilts  with  the  plane.  If  the  plane 
climbs  or  noses  down,  the  horizon  bar  respectively  falls  or  rises  in 
just  the  same  manner  as  the  actual  horizon  appears  to  fall  or  rise  &3 
the  pilot  looks  over  the  nose.  As  the  plane  banks  the  bar  remains 
horizontal  whereas  the  dial  and  airplane  silhouette  tilt  with  the  plane.” 
(In  contrast  with  present-day  instruments,  this  original  indicator 
contained  no  pointer  or  30°  marks.)  “The  horizon  bar  is  thus  free  to 
rise,  fall,  and  tilt,  and  can  assume  any  possible  combination  of  these 
positions.  Further  description  indicates  that  (4,  p.  47),  M  .  .  .  the 
blue  sky  always  remains  above  the  horizon  bar  no  matter  how  much 
tl,e  instrument  or  ship  is  tilted.  The  horizon  bar  is  carried  by  a  link 
from  the  rear  part  of  the  gyro  casing  through  a  pivot  on  tho  gimbnl 
ring  and  thence  out  in  front  of  the  field  as  a  light  horizontal  bar.  The 
reason  for  this  reversing  linkage  is  that  this  corrects  the  horizon 
motion  observed  by  tho  pilot  when  he  climbs  or  dives.  It  is  the  cor¬ 
rection  of  the  behavior  of  this  bar  to  the  normal  appearance  of  tho  real 
horizon  for  any  position  or  maneuver  that  makes  Hying  by  this  instru¬ 
ment  easy  for  a  new  pilot  and  less  fatiguing  for  a  pilot  who  has  to 
*.  fiy  blind  for  long  periods  of  time.” 

1  he  preceding  quotations  reveal  a  number  of  assumptions,  somo 
implied,  others  explicit,  which  would  appear  to  have  infiuenced  tho 
de.-ign  of  the  original  Sperry  attitude  indicator.  It  is  not  fruitful 
to  discuss  the  probable  validity  of  such  assumptions  on  the  basis  of 
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a  priori  or  theoretical  considerations.  The  fundamental  question  is, 
rather,  wlnit  do  objective  and  quantitative  data  actually  indicate 
with  regard  to  the  effectiveness  of  the  conventional  attitude  indicator! 
And,  as  noted,  at  least  three  criteria  must  be  considered  in  evaluating 
such  data:  First,  what  type  of  attitude  indicator  is  most  easily  and 
rapidly  mastered  by  the  novice?  Secondly,  of  those  designs  mastered 
most  easily  by  novices,  which  particular  indicators  cause  the  experi¬ 
enced  pilot  the  minimal  amount  of  confusion?  Finally,  what  instru¬ 
ments  meeting  the  above  criteria  prove  most  generally  satisfactory 
when  tested  in  a  comprehensive  scries  of  different  flight  situations! 

The  effectiveness  of  a  particular  instrument  design-  must  ultimately 
be  verified  under  actual  flight  conditions.  Because  of  individual  dif¬ 
ferences  in  instrument-flying  aptitude  it  may  require  a  minimum  of  GO 
subjects  to  determine  whether  there  is  a  reliable  and  statistically  sig¬ 
nificant  difference  between  the  relative  effectiveness  of  two  indicator 
designs.  Once  the  superiority  of  a  particular  instrument  has  been 
established,  it  may  require  a  long  series  of  comparative  measurements 
to  isolate  the  basic  elements  in  the  design  which  cause  the  difference. 

In  consequence,  it  may  be  necessary  to  test  several  hundred  subjects 
in  order  to  make  an  analysis  that  is  reasonably  adequate.  It  is  appar¬ 
ent,  therefore,  that  the  cost  of  personnel  and  equipment  would  be  pro¬ 
hibitive  were  such  a  study  to  be  conducted  exclusively  in  planes. 
The  mcro  factor  of  the  time  required  to  process  several  hundred  sub¬ 
jects  in  test  flights  makes  such  a  project  relatively  impractical.  It 
should  bo  noted,  moreover,  that  under  actual  flight  conditions  there 
nvo  so  many  variables  which  influence  pilot  performance  that  it  would 
bo  very  difficult  to  determine  the  proportion  of  the  total  achievement 
which  could  be  attributed  to  the  use  of  a  particular  attitude  indicator.  : 
Fluctuations  in  air  conditions  tend  to  introduce  so  much  variability  in 
performance  that  the  effect  of  any  one  variable,  such  us  the  uso  of  a 
particular  instrument,  may  be  largely  masked.  Finally,  the  problem  • 
of  objectively  quantifying  performance  during  actual  flight  is,  in  itself,  - 
an  extremely  difficult  task. 

In  view  of  the  various  considerations  just  presented,  it  is  necessary  : 
to  conduct  the  greater  part  of  an  instrument  evaluation  study  by  mak¬ 
ing  comparisons  of  various  indicators  in  the  ground-trainer  situation. 
This  makes  it  possible  to  exclude  many  of  the  factors  which  tend  to 
make  the  truo  flight  situation  so  variable.  The  experimenter  thus 
gains  much  more  adequate  control  of  the  test  situation  and  can  stand-  * 
ardize  tho  factors  which  influence  performance.  This  approach  does 
not  obviate  the  need  to  verify  various  instillment  comparisons  during 
actual  flight.  Thero  are  numerous  air  maneuvers  which  cannot  be 
simulated  by  the  ground  trainer. 
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EXPERIMENTAL  PROCEDURE 


The  present  evaluation  of  the  relative  effectiveness  of  four  different 
types  of  attitude  indicators  is  based  upon  the  objectively  scored  Link 
trainer  performance  of  aviation  students,  A  type  C-3  instrument 
ground  trainer  was  employed  in  this  project.  The  standard  instru¬ 
ment  panel  was  replaced  by  a  black  masonite  board  which  contained 
two  artificial  horizon  indicators  that  were  to  bo  compared  with  each 
other.  These  instruments  were  located  near  the  top  of  the  panel  on 
either  side  of  the  center  line  (see  fig.  8.1  A).  A  central  vane  or  shutter 
made  it  possible  to  cover  either  instrument  so  that  only  one  was  exposed 
during  a  particular  test  period. 

The  subject’s  task  was  to  maintain  the  trainer  in  level  and  horizontal 
flight  under  conditions  of  simulated  rough  air.  Ho  was  informed 
that  the  fuselage  was  fastened  so  that  it  could  not  turn,  even  though 
the  pedals  could  still  be  manipulated.  After  an  initial  period  of 
instruction  and  demonstration,  the  hood  was  lowered  and  the  subject 
was  required  to  fly  the  trainer  by  referring  to  a  specific  nttitudo  indi¬ 
cator.  Following  this  initial  test  period,  which  was  8  minutes  in 
length,  the  subject  was  given  a  2-minuto  rest  period.  Ho  was  then 
required  to  fly  the  Link  for  a  second  8-minute  test  period.  In  most 
of  the  comparisons  to  be  reported,  the  even-numbered  subjects  were 
tested  initially  with  one  instrument  and  then  flew  the  Link  during 
the  second  test  period  by  using  the  other  indicator.  Odd-numbered 
subjects  were  tested  on  these  same  instruments  in  the  reverso  order. 
This  was  done  in  order  to  control  any  major  shift  in  the  sensitivity 
of  the  trainer  over  a  period  of  time.  To  control  the  effect  of  position, 
half  of  a  series  of  subjects  was  run  with  the  conventional  Link  trainor 
artificial  horizon  on  the  left,  and  the  other  half  of  the  group  was  run 
with  this  type  of  indicator  at  the  right. 

The  standard  cam  system  for  providing  rough  air  was  removed 
from  its  position  just  back  of  the  pilot’s  seat,  and  was  connected  to  a 
synchronous  motor  which  changed  its  speed  from  one  r.  p.  in.  to  four 
r.  p.  m.  (see  fig.  8.1C).  Each  8-minutc  test  session  necessitated  a  con¬ 
tinuous  performance  on  the  part  of  the  subject,  but  the  scoring  system 
was  automatically  interrupted  for  30  seconds  during  caeh  successive 
2-minute  period,  for  the  recording  of  clock  scores. 

Independent  but  similar  scoring  systems  were  used  to  measuro  the 
deviations  from  horizontal  and  level  flight  in  roll  and  in  pitch  (see 
fig.  8.1  B,  D,  and  F).  The  No.  1  roll  clock  records  the  total  time  that 
the  fuselage  deviates  from  level  flight  more  than  .83°  to  the  left  or  to 
flio  right.  The  subject  can  thus  roll  the  fuselage  through  an  angular 
flistanco  of  1.07°  without  causing  the  No.  1  roil  clock  to  scoro.  The 
No.  2  roll  clock  starts  to  scoro  whenever  the  fuselage  rolls  moro  than 
1.83°  to  the  right  or  left  from  level  flight  (total  permissible  arc  of 
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3.67°).  Roll  clock  No.  3  starts  to  record  when  the  trainer  fuselage  is 
more  than  2.5°  to  the  left  or  right  of  level  flight  (total  permissible  arc 
of  5.0°) .  Roll  clock  No,  4  records  the  amount  of  time  that  the  subject 
keeps  his  stick  to  the  right  of  center  when  the  fuselage  is  rolled  more 
than  .33°  to  the  left  (see  fig.  8.1  D  and  F).  The  No.  4  roll  clock 
thus  registers  a  qualitatively  different  score  as  compared  with  the  first 
three  roll  clocks.  A  similar  set  of  four  clocks  arc  set  to  record  devia¬ 
tions  from  horizontal  flight  in  the  pitch  direction.  These  pitch-devia¬ 
tion  clocks  function  in  the  same  way  as  the  roll  clocks  and  are  set  so  as 
to  start  recording  at  approximately  similar  angular  deviations.  These 
clock  scores  thus  represent  relative  inferiority  of  performance,  or 
error  scores.  The  higher  the  score  for  any  clock,  the  poorer  the  per¬ 
formance.  Clocks  1, 2,  and  3,  represent  increasingly  serious  categories 
of  error,  whereas  clock  No.  4  registers  a  qualitatively  distinct  type  of 
error,  namely,  failure  on  the  part  of  the  student  to  keep  his  stick  in  the 
position  which  would  tend  to  correct  the  error  in  the  attitude  of  the 
trainer. 

It  should  he  noted  that  the  conventional  A  AF  attitude  indicator  used 
in  the  Link  instrument-trainer  consists  of  a  pendulum  device  rather 
than  the  gyroscopic  mechanism  used  in  aircraft  (see  fig.  8.1E).  All 
instruments  used  in  this  study  contained  the  special  sensitizing  modifi¬ 
cation  described  in  AAF  T.  0.  No.  25-5-12.  The  sensitivity  of  the 
artificial  horizon  instruments  employed  can  be  stated  in  terms  of  clock 
scores.  The  No.  1  roll  dock  starts  to  record  when  the  moving  pointer 
of  the  indicator  deviates  more  than  5°  to  the  right  or  left.  The  No.  2 
roll  clock  starts  to  record  when  the  moving  pointer  deviates  more  than 
10°  to  the  right  or  left.  The  No.  3  roll  clock  starts  to  record  when  the 
pointer  deviates  more  than  15°  to  the  right  or  left.  The  No.  4  clock, 
which  gives  a  qualitatively  distinct  type  of  score,  cannot  bo  equated  in 
these  same  terms  inasmuch  ns  the  position  of  the  stick  determines,  in 
part,  when  the  timer  starts  to  record.  If,  however,  the  moving  pointer 
of  the  attitude  indicator  deviates  more  than  3°  to  a  particular  side,  and 
the  stick  is  not  moved  to  the  opposite  side  of  its  central  position,  the 
No.  4  roll  clock  will  start  to  record. 

The  clock-score  data  to  bo  presented  in  this  study  arc  derived  solely 
from  the  roll  clocks.  Inasmuch  us  the  pitch  of  the  trainer  is  registered 
in  a  conventional  way  and  with  comparablo  sensitivity  by  all  of  the 
horizon  indicators  employed  in  this  study,  measurements  of  perform¬ 
ance  for  these  deviations  nro  not  of  any  particular  importance.  That 
is  to  say,  the  differences  between  instruments  which  arc  being  compared 
at  this  time  nro  variations  in  the  manner  by  which  the  roll  or  bank  of 
the  fuselage  is  represented  on  the  respective  indicators. 

A  further  reason  for  making  comparative  evaluations  of  various 
attitude  indicators  on  tho  basis  of  roll  scores  rather  than  pitch  scores 
is  based  upon  the  fact  that  the  subject’s  weight  under  certain  con- 
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FliintK  8.!. — Apparatus  used  in  the  exjM-rimcntal  comparisons  of  fliuht  indica- 
tors.  A.  i’nncl  used  in  comparing  artificial  horizon  indicators.  II.  Control 
unit  for  instrument  trainer.  C.  Rough  air  cam  mechanism.  I).  Assembly 
for  scoring  deviations  from  level  flight.  K.  Trainer  horizon  j>enduhim  mech¬ 
anism  fur  standard  and  reversed  rotation  indication.  F.  Assembly  for  scor¬ 
ing  stick  position  with  relation  to  trainer  attitude. 
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dit ions,  tends  to  influence  the  magnitude  of  the  pitch  scores.  When 
the  C-3  trainer  was  first  set  up  in  the  test  situation  there  was  a  notice¬ 
able  sluggishness  of  reaction  if  a  man  weighing  100  pounds  or  more 
tried  to  shift  the  trainer  fuselage  from  an  attitude  of  maximal  climb 
to  horizontal  flight.  In  consequence,  all  of  the  main  bellows  which 
govern  the  attitude  of  the  trainer  fuselage  were  replaced.  This  ap¬ 
peared  to  reduce  the  sluggishness  of  reaction  in  the  pitch  dimension. 
The  relationship  between  performance  and  body  weight  following 
renewal  of  the  trainer  bellows  was  computed  for  a  group  of  169  sub¬ 
jects  who  used  the  standard  attitude  indicator  during  an  8-minuto  test 
period.  The  correlation  coefficients  are  as  follows:  No.  1  pitch  clock, 
.11;  No.  2  pitch  clock,  .10;  No.  3  pitch  clock,  —.02;  No.  4  pitch  clock, 
— .17 ;  No.  1  roll  clock,  .02;  No.  2  roll  dock,  .01 ;  No.  3  roll  clock,  0.06; 
No.  4  roll  call  clock,  0.00.  It  would  appear  from  these  values  that  with 
tho  installation  of  the  new  bellows,  weight  had  no  appreciable  effect 
on  the  roll  scores  and  only  a  minimal  influence  on  the  pitch  scores. 


EXPERIMENTAL  RESULTS 


To  determine  the  consistency  with  which  performance  is  measured 
by  the  scoring  system,  odd-even  reliability  coefficients  were  computed 
for  a  group  of  169  subjects  who  used  the  standard  AAF  attitude  indi¬ 
cator.  Tho  reliabilities,  based  upon  the  sums  of  the  two  odd  and  the 
two  even  trials  in  the  first  8-minute  test  period,  are  as  follows:  No.  1 
roll  clock,  r=,83 ;  No,  2  roll  clock,  r=.87 ;  No.  3  roll  clock,  r~,87 ;  No. 
4  roll  clock,  r=.82.  These  coefficients,  uncorrectcd  for  attenuation, 
show  that  the  present  test  situation  evokes  performance  that  has  a 
consistency  of  a  high  order.  The  intcrcorrclations  between  roll  clock 
No.  4  and  roll  clocks  Nos.  1, 2,  and  3  are,  respectively,  .62,  .63,  and  .61. 
The  relatively  moderate  correlations  between  scores  on  tho  first  three 
clocks  and  the  fourth  clock,  taken  in  conjunction  with  tho  high  odd- 
cven  reliabilities,  tend  to  verify  the  hypothesis  that  this  last  score 
(i.  e.,  for  roll  clock  No.  4)  is,  to  some  extent,  representative  of  a  differ¬ 
ent  aspect  of  performance  than  that  registered  by  the  first  threo  clocks. 
Tho  fact  that  the  first  three  clock  scores  correlate  highly  with  each 
other  is  ambiguous  owing  to  the  fact  that  when  No.  2  clock  scores, 
No.  1  must  continue  to  score,  and  when  No.  3  scores,  both  No.  1  and 
No.  2  must  score. 


Comparison  1:  Two  Similar  Link  Horizon  Indicators 
This  comparison  was  designed  as  an  experimental  control.  Its 
objective  was  to  determine  what  differences  in  performance  scores  can 
ariso  which  are  due  merely  to  variations  in  sensitivity  of  two  similar 
instruments.  The  first  half  of  the  total  population  of  102  subjects 
used  in  this  comparison  was  tested  in  such  an  order  that  tho  odd- 
munberod  subjects  used  the  No,  1  standard  indicator  in  tho  right 
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position  for  the  first  8-minut©  test  period  and  used  the  No.  2  standard 
indicator  in  the  left  position  for  the  second  8-minute  period.  Before 
running  the  second  half  of  the  population,  the  instruments  were  re¬ 
versed  in  position  so  that  the  No.  1  indicator  was  on  the  left  and  the 
No.  2  indicator  was  on  the  right.  The  second  half  of  the  population 
then  took  the  test  in  such  an  order  that  the  odd-numbered  subjects 
were  tested  first  with  the  No.  2  standard,  and  during  the  second  8- 
ininutc  period  used  the  second  of  the  two  instruments. 

In  analyzing  the  data,  scores  for  the  first  8-minute  test  period  for 
indicator  No.  1  are  compared  with  indicator  No.  2  scores  for  this  same 
initial  test  period,  the  position  of  the  instrument  being  disregarded. 
Similarly,  scores  for  the  second  8-minute  test  period  obtained  with  the 
No.  1  indicator  aro  compared  with  the  second  test  period  scores  on 
the  No.  2  indicator,  irrespective  of  the  position  of  the  instrument. 
An  inspection  of  tablo  8.1  shows  that  none  of  the  four  clock  scores 
yield  a  significant  difference  as  indicated  by  the  associated  t  values. 

Taw.*  8.1 — Comparison  of  two  itandard  AAF-tjipe  Link  artificial  horizon  fn<M» 
catort  in  order  to  determine  apparatus  differences  * 


(Comparison  1| 

FIRST  8-MINUTE  TEST  PERIOD 
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mental 

Instrument 

Number 
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Statistic 

Clock- 

1 

3 

3 

« 

A 

No.  1  AAF  itandard.......... 

81 

M . 

382.6 

244.2 

187.8 

147.8 

B 

No.  3  AAF  standard.......... 

81 

M . 

369.0 

229.3 
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141.9 
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13.8 

14.9 
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8.7 
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.8 

.7 

.3 

.8 

8EC0ND  8-MINUTE  TEST  PERIOD 

B 

No.  1  AAF  standard . ' 

81 

1 

M . ' 

312.8 

1521 

73.8  1 

124.1 

x 

No.  2  A  A  V  standard _ 

81 

M . 

291.8 

181.3 

823 

118.8 

Dlff . 

17.9 

1.0 

—8.8 

9.8 

1 

i 

1 . 

1.1 

.1 

1.0 

SUBJECT  PREFERENCE  SUBSEQUENT  TO  LAST  TEST  PERIOD 


No.  1  AAF  standard  Instrument  given  flrrt  j 

No.  2  AAF  standard  instrument  liven  first 

Prefer  l 

No  preterenoe 

Prefer  2 

Prefer  1 

No  preference 

Prefers 

Fattr* 

Patti* 

Paco* 

Pata* 

Patti* 

Patti* 

21 

10 

CO 

CO 

14 

17 

•  The  hlRlicf  tho  mean  clock  score,  the  poorer  the  Performance.  A  f-va)u«  o{  2,33  U  significant  at  the  > 
percent  level;  and  *  1-value  vl  2.88  or  higher  U  significant  at  the  1-peroact  level. 


This  means  that  as  far  ns  Link-trainer  performance  is  concerned, 
the  two  indicators  do  not  show  a  difference  that  has  statistical  sig¬ 
nificance.  Any  difference  in  sensitivity  that  ?nay  exist  between  the 
two  instruments  is  unimportant.  It  is  of  interest  that  subjects  tend 
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to  prefer  the  instrument  they  have  used  most  recently,  even  though 
the  two  are  identical. 

Comparison  2:  Standard  Link  Artificial  Horizon  vs.  Scalelcss  Indicator 

In  the  conventional  horizon  indicator  a  right  roll  produces  a  shift 
in  the  moving  parts  of  the  mechanism  so  that  as  the  pilot  views  the 
indicator  the  pointer  has  rotated  to  the  left  of  the  central  index  mark 
on  the  fixed  scale  at  the  periphery  of  the  instrument  and  the  horizon 
lias  tilted  to  the  left.  A  right  roll  of  the  plane  thus  produces  a 
counterclockwise  rotation  of  the  moving  parts  of  the  indicator.  There 
are  various  possible  sources  of  ambiguity  in  this  relationship  between 
the  true  attitude  of  the  plane  and  the  correct  movement  of  the  stick 
as  indicated  by  the  setting  of  the  attitude  indicator.  Not  all  of  these 
factors  will  influence  the  responses  of  each  subject,  but  they  constitute 
a  potential  source  of  error  in  any  group  of  naive  subjects,  and  they 
may  occasionally  cause  errors  in  experienced  pilots  under  conditions 
which  necessitate  a  distribution  of  attention. 

When  the  pilot  is  flying  exclusively  by  instruments,  his  frame  of 
reference  tends  to  be  imposed  by  his  immediate  surroundings,  his 
cockpit.  His  line  of  regard  does  not  rotate  with  respect  to  the  instru¬ 
ment  panel,  and  the  case  of  the  attitude  indicator  remains  in  a  fixed 
position  with  regard  to  his  body.  Instrument-flying  instruction  is 
designed  to  make  the  pilot  disregard  his  body  sensations  because  of 
their  misleading  cues.  As  a  consequence,  the  unchanged  relationship 
between  the  instrument  panel  and  the  pilot’s  line  of  vision  tends  to 
reinforce  the  traditional  relationship  in  which  the  main  index  of  the 
attitude  indicator  is  at  the  top  and  represents  “up.”  When  the  plane 
rolls  to  the  right,  the  pointer  and  horizon  bar  rotate  counterclockwise, 
as  noted  above,  and  because  moving  objects  tend  to  attract  attention, 
the  novice’s  first  and  most  direct  perception  is  that  the  movement 
registered  is  a  left  tilt.  The  pointer  is  to  the  left  of  the  fixed  index 
mark.  By  tradition,  that  part  of  an  instrument  which  moves  is  desig¬ 
nated  to  convey  the  intended  change  in  relationships.  In  tho  case  of 
the  artificial  horizon,  however,  he  must  learn  to  regard  tho  pointer 
as  fixed  and  the  scale  as  having  moved,  a  relationship  which  is  clearly 
antagonistic  to  his  immediate  perception  of  tho  fixed  relationship  of 
the  scale  to  himself.  Many  novices  report  that  it  is  diflicult  to  remem¬ 
ber  to  br  .g  tho  center  of  tho  fixed  scale  up  to  the  moving  pointer. 
Others  try  to  disregard  tho  pointer  and  focus  their  attention  on  tho 
miniature  airplane  which  maintains  the  correct  static  relationship  to 
the  horizon  bar.  When  tho  miniature  plane  is  tilted  to  tho  right  in 
respect  to  the  horizon  bar,  a  left  movement  of  the  stick  or  counter¬ 
clockwise  rotation  of  the  wheel  corresponds  to  the  movement  the 
aircraft  itself  must  execute  to  attain  level  flight. 

Because  many  experienced  pilots  report  that  they  always  observe 
the  position  of  the  miniature  plane  and  disregard  the  moving  pointer 
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and  because  compensatory  adjustments  of  the  stick  or  control  wheel 
conflict  with  the  direction  in  which  the  pointer  moves,  a  conventional 
indicator  was  modified  by  removing  the  pointer  and  obscuring  the 
fixed  scale  at  the  periphery  of  the  instrument  (see  fig.  8.2B).  This 
modified  instrument  is  designated  as  the  “Scaleless  Horizon  Indicator.” 
Comparison  2  thus  involves  an  evaluation  of  Link  performance  scores 
when  subjects  use  the  conventional  attitude  indicator  and  when  they 
use  the  “Scalclcss  Horizon  Indicator.”  The  experimental  routine  is 
similar  to  that  used  in  comparison  1,  and  the  differences  between  in¬ 
struments,  shown  in  table  8.2,  are  taken  irrespective  of  position.  An 
inspection  of  the  mean  scores  for  the  115  subjects  used  in  this  compari¬ 
son  reveals  tho  fact  that  in  their  initial  8-minute  test  session,  the 
standard  instrument  yields  poorer  performance  than  the  scaleless 
instrument.  The  variation  between  subjects  is  so  great,  however, 
that  the  difference  between  means  is  not  sufficiently  important  to 
overweight  tho  individual  differences  in  skill  between  subjects  of  the 
present  groups.  The  more  skilled  individual  can  largely  overcome 
uny  handicap  that  might  be  inherent  in  the  conventional  instrument 
under  these  test  conditions.  In  a  test  situation  requiring  a  greater 
distribution  of  attention  he  might  occasionally  bo  misled  by  the 
standard  instrument  whereas  tho  modified  instrument  might  have 
less  tendency  to  confuse  him. 

Table  8.2 .—Standard  Link  artificial  horizon  v*.  icalctcu  horizon  Indicator 

[Comparison  % 
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SUBJECT  PREFERENCE  SUBSEQUENT  TO  LAST  TEST  PERIOD 


No.  1  AAF  standard  Instrument  (Ives  first 

Scalekss  bortron  Indicator  jlven  first 

rrrfcr  1 
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Prefer  1 
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PrrceM 
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!« 

0 

84 

74 

0 

28 

Comparison  3:  Standard  Link  Artificial  Horizon  vs.  Moving  Scale  Indicafor 
It  has  been  noted  that  novices  frequently  report  that  it  takes  con¬ 
stant  vigilance  to  remember  to  move  the  stick  so  as  to  bring  the  cen¬ 
tral  index  point  of  the  fixed  scale  at  the  periphery  of  an  instrument  to 
coincide  with  the  moving  pointer,  instead  of  moving  the  stick  in  the 
direction  the  pointer  should  travel  to  attain  coincidence  with  the 
center  of  the  fixed  scale.  To  correct  this  particular  difficulty  the  No,  2 
artificial-horizon  mechanism  used  in  the  first  comparison  was  modified 
a  second  time  so  that  the  scale  was  attached  to  the  inner  shield  or  face 
which  carries  the  rotating  pointer  (sec  fig.  8.2C).  The  original  fixed 
scale  at  the  periphery  was  obseured  except  for  the  large  central  index 
mark.  Sixty  subjects  were  used  in  this  comparison.  The  experi¬ 
mental  routine  was  that  employed  in  comparison  I.  Differences  shown 
in  table  8.3  are  for  the  two  instruments  irrespective  of  position.  Again 
it  is  evident  that  while  the  average  error  scores  tend  to  bo  lower  for 
the  moving  scale  instrument  than  for  the  standard  indicator,  the 
variation  in  performance  from  subject  to  subject  is  such  as  to  mask 
any  statistically  significant  difference  that  is  duo  to  tho  instruments 
in  and  of  themselves.  It  must  be  remembered  that  the  subjects  were 
attending  to  one  instrument,  and  it  is  conceivable  that  tho  stress  of 
attending  to  a  number  of  indicators  might  increase  differences  in 


Table  8.3. — Standard  Link  artificial  horizon  vs.  moving  scale  indicator 
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SUBJECT  PREFERENCE  SUBSEQUENT  TO  LAST  TEST  PERIOD 


No.  1  AAF  standard  instrument  given  first 

Moving  scale  Indicator  given  first 
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performances  attributable  to  the  two  horizon  indicators.  It  should 
also  be  noted  that  while  the  movement  of  the  stick  required  to  bring 
aircraft  to  level  (light  is  in  the  same  direction  as  the  movement  of 
the  fixed  central  index,  were  it  to  be  conceived  of  as  having  to  be  ro¬ 
tated  to  the  central  point  of  the  scale,  the  actual  motion  which  is 
perceived  under  these  circumstances  is  in  conflict  with  the  required 
rotation  of  the  stick  or  wheel. 

Comparison  4:  Standard  Link  Artificial  Horizon  vs.  British  Type  of  Artificial 
Horizon 

It  has  been  suggested  that  one  model  of  the  British  type  of  artificial 
horizon  is  easier  to  use  because  it  has,  inherently,  less  ambiguity  in 
its  action  than  the  AAF  instrument.  To  test  this  hypothesis,  a  con¬ 
ventional  Link  artificial  horizon  was  modified  so  as  to  function  as  the 
British  type  of  attitude  indicator  (sec  fig.  8.2D).  The  scale  was 
moved  from  the  fixed  rim  at  the  top  of  the  instrument  to  the  lower 
edge  of  the  instrument.  The  miniature  plane  was  then  supported 
from  the  upper  rim  of  the  instrument  as  in  the  British  type  of  indicator. 
As  the  pilot  views  the  instrument,  a  right  roll  tilts  the  horizon  bar  to 
the  left  and  the  pointer  moves  around  its  fixed  scale  to  the  right.  This 
instrument  has  the  distinction  that  the  correct  movement  of  the  stick, 
considered  merely  as  to  the  right  or  the  left  is  in  the  same  direction 
as  the  movement  of  the  pointer  in  relation  to  the  central  index  of  the 
fixed  scale.  Various  individuals  report,  however,  that  this  instrument 
causes  a  certain  degree  of  confusion  because  the  moving  elements  of 
the  instruments  are  perceived  as  rotating  in  a  counterclockwise  direc¬ 
tion  when  the  plane  is  actually  rolling  to  the  right  in  a  clockwise  direc¬ 
tion.  A  corrective  counterclockwise  rotation  of  the  stick  about  its  point 
of  support  or  a  counterclockwise  rotation  of  the  control  wheel  are  in 
tho  sumo  direction  as  the  preceding  movement  of  the  elements  in  the 
indicator.  That  is  to  say,  the  motion  of  the  indicator  must  be  followed 
by  the  same  type  of  movement  in  the  control  rather  than  by  a  compen¬ 
satory  adjustment  in  tho  opposite  direction  which  experience  in  every¬ 
day  life  tends  to  establish  as  the  correct,  and  therefore,  the  most  im¬ 
mediate  or  natural  reaction.  In  other  words,  the  correct  response  is 
not  the  most  immediate  response  to  tho  angular  rotation  of  the  moving 
elements  in  tho  instrument.  It  must  be  made  to  an  inferred  position 
of  tho  plane  which  is  interpreted  from  the  indicator. 

As  iiv  the  previous  comparisons,  the  differences  indicated  in  table 
8.1  tend  to  favor  the  modified  instrument  but,  except  for  clock  No.  4, 
are  not  statistically  significant.  Individual  differences  are  so  great 
that  the  effect  of  the  variations  in  the  indicators,  per  sc ,  tends  to  be 
masked.  The  difference  for  clock  No.  4,  which  favors  the  British  type 
of  instrument,  is  significant  at  the  2-percent  level. 
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Table  8.4. — Standard  Link  artificial  horizon  vs.  British  type  of  artificial  horizon 

[Comparison  4J 

FIRST  8-MINUTB  TKST  PERIOD 


Esperi- 

Number 

i 

Clock- 

mental 

Instrument 

of 

Statistic 

group 

subjects 

t 

1 

1 

4 

x 

AAF  standard..... . 

32 

M . 

nid  9 

4 

117.  J 

80l6 

ii 

British  type . . . 

3i  i 

M . 

307.  y 

lift.  8 

&4.Q 

6X9 

■ 

1)1(1 . 

39.0 

43.6 

33.1 

17.1 

1 

t . 

1.7 

1.6 

1.3 

«Xt 

SECOND  8-MINUTE  TEST  PERIOD 

B 

AAF  standard . 

31 

M . 

avii 

til.  7 

719 

72.6 

A 

British  type . 

32 

M . 

299.5 

114.6 

54.4 

63.7 

Dill . 

—30.4 

37.1 

21.5 

18.9 

f . 

1.6 

1.6 

1.1 

>2.4 

SUBJECT  PREFERENCE  SUBSEQUENT  TO  LAST  TEST  PERIOD 


No.  1  AAF  standard  Instrument  given  first 

British  tyi>o  Indicator  given  first 

Prefer  1 

No  preference 

Prefer  British 
type 

Prefer  l 

No  preference 

Prefer  British 
type 

Patent 

19 

Percent 

6 

Patent 

IS 

Patent 

48 

Percent 

9 

Percent 

63 

■  A  t  value  of  2.32  is  significant  at  the  2-percent  level;  and  a  t  vutue  of  2.68  or  higher  b  significant  at  the 
1 -percent  leveL 


Comparison  5:  Standard  Link  Artificial  Horizon  vs.  Reversed  Rotation  Type 
of  Artificial  Horizon 

Because  in  none  of  the  instruments  used  in  tho  previous  compari¬ 
sons  do  the  moving  elements  rotate  in  a  clockwise  direction  when  the 
plane  rolls  to  the  right  or  exhibit  a  counterclockwise  rotation  when  the 
plane  rolls  to  the  left,  a  standard  Link  artificial  horizon  was  modified 
so  as  to  provide  this  relationship  (see  fig.  S.2E).  This  was  achiovcd 
merely  by  lengthening  the  pin  which  engages  with  the  bank  pendulum 
(see  fig.  8.1E).  Table  8.5  shows  that  the  averago  clock  error  score 
made  with  tho  reversed  rotation  type  of  artificial  horizon  is  lower 
than  that  made  with  the  standard  indicator  and  that  tho  differences 
arc  statistically  significant  at  the  1 -percent  level.  Tables  8.1  through 
S.l  show  that  the  individuals  who  served  as  subjects  in-  tho  first  four 
comparisons  generally  expressed  a  preference  for  the  particular  instru¬ 
ment  which  they  used  in  the  most  recent  test  period.  In  this  fifth 
comparison,  those  subjects  who  were  tested  on  both  tho  standard  nnd 
reversed  rotation  indicators  showed  a  decided  preference  for  tho 
modified  instrument  regardless  of  whether  or  not  that  was  the  instru¬ 
ment  most  recently  used.  Thus  both  in  the  performance  which  it 
evokes  and  in  expression  of  preference  on  tho  part  of  tho  subjects, 
the  reversed  rotation  artificial  horizon  proves  to  bo  clearly  superior. 
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Taui.e  8.5. — Standard  Link  artificial  horizon  tr*.  reverted  rotation  type  of 

artificial  horizon 

JComparisoo  5) 


FIRST  5-MINUTE  TEST  PERIOD 
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of  sub¬ 
jects 
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SECOND  S-MINUTE  TEST  PERIOD 
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Reversed  rotation. 
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>3.5 

>3.1 

SUBJECT  PREFERENCE  SUBSEQUENT  TO  LAST  TEST  PERIOD 


No.  1  AAF  Standard  Instrument  given  first 

Reversed  rotation  instrument  given  lint 

Prefer  1 

No  preference 

Prefer  reverse 
rotation 

Prefer  1 

No  preference 

Prefer  reverse 
rotation 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

i 

1 

87 

• 

11 

78 

1 A I  value  o(  2.48  or  higher  Is  significant  at  the  1 -percent  level. 


Seventy-two  subjects  of  the  137  cadets  in  the  fifth  comparison  con¬ 
tinued  to  use  the  same  horizon  indicator  during  the  second  test  period 
that  they  had  used  in  the  initial  period.  In  the  case  of  these  72  sub¬ 
jects  it  was  found  that  the  highly  significant  differences  between  the 
standard  horizon  indicator  and  the  reversed  rotation  instrument  hold 
only  for  the  first  8  minutes  of  practice  and  not  for  the  second  test 
period.  This  should  not  be  taken  to  mean  that  the  difference  in  per¬ 
formance  yielded  by  these  instruments  is  merely  a  temporary  phe-’ 
nomenon.  It  should  bo  emphasized  that  the  subject  does  not  have  a 
full  panel  of  instruments  to  which  ho  must  attend,  but  only  the  rela¬ 
tively  simple  task  of  keeping  the  trainer  in  level  and  horizontal  flight 
by  attending  to  a  single  flight  indicator.  Under  these  circumstances, 
it  is  possible  for  the  subjects  who  use  the  standard,  and  inferior, 
instrument  to  attain  a  level  of  performance  in  two  practice  periods 
that  is  comparable  to  that  achieved  by  the  group  using  the  superior 
or  reversed  rotation  instrument.  Given  two  8-niinuto  practice 
periods  in  succession,  both  groups  achieve  a  relatively  high  degree  of 
proficiency.  The  group  using  tho  reversed  rotation  instrument  soon 
reaches  a  leveling  off  in  its  performance,  and  tho  group  with  the 
inferior  instrument  overtakes  them.  It  will  bo  shown  in  a  later  sec¬ 
tion  that  when  the  remaining  C5  subjects  in  this  fifth  comparison  who 
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were  tested  on  both  instruments  shifted  from  one  indicator  in  the  first 
period  to  a  second  indicator  in  the  next  period,  the  effect  of  habit  inter¬ 
ference  revealed  a  difference  that  carried  over  into  the  second  8-minute 
period.  It  should  be  emphasized  that  there  is  always  the  possibility 
that  under  conditions  of  stress  a  pilot  may  make  an  error  because  of 
the  ambiguity  of  the  conventional  instrument  which  could  have  been 
prevented  had  the  indicator  possessed  optimum  interpret  ability. 

In  view  of  the  striking  differences  in  performance  which  have  been 
obtained  with  the  reversed  rotation  and  standard  instruments,  the 
question  arises  as  to  the  similarity  of  the  two  groups  using  the  respec¬ 
tive  instruments.  Table  8.G  shows  the  characteristics  of  the  subjects 
when  they  arc  segregated  on  the  basis  of  the  particular  instrument  used 
during  the  first  8-minute  test  period.  These  data  show  conclusively 
that  the  two  groups  are  comparable  in  hours  of  pilot  training  (primary 
ships  only),  pilot  stanine,  and  in  previous  experience  with  an  experi¬ 
mental  test  that  involves  8  minutes  of  contact  fiving  in  a  Link  ground 
trainer. 


Tahi-e  S.O. — Equivalence  of  groups  used  in  the  fifth  comparison  involving  the 
standard  .A.4F  instrument  and  the  reversed  rotation  instrument 
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>  S  tan  1  act  not  available  for  6  subject*. 

Can  the  differences  in  performance  obtained  with  the  two  instru¬ 
ments  in  this  fifth  comparison  be  accounted  for  in  terms  of  the  relative 
sensitivities  of  the  two  instruments?  A  calibration  of  tlio  two  indi¬ 
cators  demonstrates  that  the  reversed  rotation  horizon  is  of  somewhat 
greater  sensitivity  than  the  standard.  Table  8.7  shows  that  when  the 

Tamj:  8.7. — Relative  sensitivity  of  standard  AAF  Link  horizon  indicator  and 
reversed  rotation  instrument  as  utilized  in  comparison  5 
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fuselage  lias  rolled  to  the  point  where  the  first  clock  starts  to  score, 
the  standard  horizon  registers  a  displacement  of  5*.  At  thi3  point 
the  modified  indicator  gives  a  reading  of  7°  to  0°,  depending  on  the 
direction  of  roll.  The  fact  that  the  pointer  of  the  reversed  rotation 
instrument  has  moved  further  than  the  pointer  of  the  standard  indi¬ 
cator  might,  conceivably,  give  the  subject  an  earlier  and  moro  em¬ 
phatic  warning  that  ho  has  drifted  off  level  flight. 

To  establish  the  significance  of  variations  in  sensitivity,  the  reversed 
rotation  indicator  was  desensitized  by  lengthening  the  pin  attached 
to  the  gimbal  ring  assembly  which  engages  with  the  bank  pendulum. 
The  length  of  the  standard  pin  as  measured  in  the  vertical  dimension 
is  inch.  Its  net  moment  arm  is  inch  as  measured  down 
from  the  rear  bearing  of  the  gimbal  ring.  The  first  model  of  the 
reversed  rotation  instrument,  used  in  the  fifth  comparison,  has  a  pin 
approximately  inch  long  with  a  net  moment  arm  of  approxi¬ 
mately  %2  inch  ns  measured  above  the  rear  bearing  of  the  gimbal 
ring.  The  desensitized  instrument  has  a  length  of  11/ie  inch  with 
a  net  moment  arm  of  approximately  inch  as  measured  above  the 
rear  bearing  of  the  gimbal  ring.  The  calibration  of  the  desensitized 
version  of  the  reversed  rotation  indicator  is  presented  in  table  8.8, 
It  is  clear  from  these  data  that  the  pointer  of  the  desensitized  instru¬ 
ment  moves  a  shorter  distance  than  the  pointer  of  the  standard  instru¬ 
ment  when  the  fuselage  banks  to  one  side  or  the  other. 


Tabuc  8.8. — Relative  sensitivity  of  ttondard  AAF  Horizon  indicator  and  desensi¬ 
tized  reversed  rotation  instrument  as  utilized  in  comparison  8 


Seventy-eight  additional  subjects  were  run  for  8  minutes  in  com¬ 
parison  6  to  determine  the  direction  of  the  difference  in  performance 
when  the  desensitized  reversed  rotation  instrument  is  compared  with 
the  standard.  Tublo  8.0  gives  the  data  from  this  last  group.  All  of 
the  clock  scores  for  tho  desensitized  reversed  rotation  instrument  are 
superior  to  tho  scores  for  the  standard.  All  differences  are  significant 
at  the  1-percent  level. 

The  differences  appear  to  be  greater  than  in  tho  original  group  V 
comparison  involving  a  more  sensitive  reversed  rotation  instrument. 
The  data  of  the  original  137  subjects  and  tho  data  from  this  supple¬ 
mentary  group  of  78  subjects,  making  a  total  of  215,  are  in  accord  in 
establishing  the  superiority  of  the  reversed  rotation  instrument  The 
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Table  8.0. — Standard  Link  artificial  horizon  ti.  desensitized  reverted  rotation 
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experimental  test  of  variations  in  sensitivity  lias  shown  that  the  ob¬ 
tained  differences  cannot  bo  explained  as  due  to  this  factor.  It  is 
concluded,  therefore,  that  the  superiority  of  the  reversed  rotation 
instrument  must  be  due  to  its  mode  of  functioning. 

DISCUSSION 

Significant  Factor  in  the  Superiority  of  Horizon  Indicator  with  Reversed 
Rotation 

It  should  be  noted  that  the  superiority  of  the  reversed  rotation  type 
of  artificial  horizon  has  been  exhibited  in  spito  of  the  fact  that  when 
the  aircraft  assumes  a  right-roll  attitude,  the  indicator  registers  this 
maneuver  by  showing  the  miniature  airplane  with  its  left  wing  dipped 
below  the  horizon  bar.  Although  this  static  relationship  must  ulti¬ 
mately  bo  interpreted  as  representing  a  left-roll  attitude,  the  dynamic 
relationship  of  the  moving  elements  is  such  as  to  suggest  a  right  roll. 
In  consequence,  it  would  appear  that  the  direction  of  rotation  of  the 
moving  elements  in  the  instrument  comprises  the  factor  which  the 
novice  reacts  to  most  immediately — a  factor  which  the  moro  experi¬ 
enced  pilot  has  learned  to  disregard.  It  also  seems  reasonable  to 
believe  that  if  the  correct  static  pattern  were  presented  along  with 
the  appropriate  dynamic  relationship  of  tho  moving  elements,  e.  g., 
when  the  horizon  remains  fixed  and  the  miniature  piano  rotates,  the 
resulting  instrument  might  be  superior  to  the  reversed  rotation  hori¬ 
zon  used  in  the  last  comparison  of  the  series.  Data  on  such  an  instru¬ 
ment  have  been  reported  by  a  British  investigator, 

»Since  circulation  of  the  initial  report  on  the  present  study,  two 
papers  have  been  made  available  to  the  writer,  describing  a  study 
conducted  at  the  request  of  the  instrument  department  of  tho  Royal 
Aircraft  Establishment,  Farnborough  (1,  2).  Tho  British  investi¬ 
gation  differs  from  the  present  study  in  several  respects.  Its  objective 
was  to  compare  a  single  experimental  indicator  with  a  conventional 
instrument.  Two  groups  of  20  cadets  wero  employed  as  subjects. 
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The  cadets,  who  had  had  no  instrument  instruction,  were  required  to 
fly  a  standard  Link  trainer  on  a  straight  and  level  course  while  the 
machine  was  periodically  deflected  by  its  standard  rough-air  mech¬ 
anism.  Although  the  reports  contain  no  reference  to  a  modification 
of  the  turning  mechanism,  there  is  a  statement  to  the  effect  that 
.  .  the  only  indication  before  the  subjects  was  one  or  other  of  the 
two  attitude  indicators  which  were  being  tested”  (2).  It  i3  not  clear, 
therefore,  whether  the  British  subjects  were  required  to  maintain  a 
heading  or  whether  they  were  free  to  devote  all  of  their  attention  to 
the  attitude  indicator.  Performance  was  scored  by  means  of  two 
mechanical  integrators  connected  directly  to  the  fuselage  of  the  trainer. 
The  scores,  in  arbitrary  units,  are  proportional  to  the  angular  devia- 
f  ion  in  attitude  multiplied  by  time.  In  addition  to  the  two  mechanical 
integrators  for  measuring  roll  and  pitch  deviations,  there  was  a  graphic 
recording  system  for  tracing  the  actual  deflections.  Each  subject  was 
required  to  fly  the  trainer  for  a  total  interval  of  12  minutes,  and  per¬ 
formance  was  measured  in  successive  2-minute  samples.  The  data 
in  tablo  8.10  represent  the  performance  of  two  separate  groups  of 
cadets,  each  of  which  was  tested  on  a  single  instrument. 

The  type  of  attitudo  indicator  compared  with  the  conventional 
instrument  consisted  of  a  two-dirncnsional  model  aircraft  which  moved 
in  relation  to  two  fixed  horizon  bars  at  the  edges  of  its  wings.  The 
author  of  the  reports  was  of  the  opinion  that  with  such  an  instrument, 
“the  pilot  identifies  himself  with  the  model  instead  of  imagining 
himself  to  be  a  fixed  point  in  space  with  a  moving  real  horizon — a 
conception  which  docs  not  fit  the  facts  and  which  may  be  difficult  to 
grasp”  (1).  As  demonstrated  by  the  figures  of  table  8.10,  both  the 
graphic  records  and  the  integrator  scores  show  that  the  modified 
design  i3  significantly  superior  to  the  conventional  design.  It  was 
also  found  that  the  preference  of  a  group  of  cadets  tested  on  both 
instruments  was  clearly  in  favor  of  the  new  design.  The  general 
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trend  of  the  findings  is  thus  in  keeping  with  the  results  of  the  present 
-tudy  in  the  sense  that  an  indicator  which  contains  a  moving  clement 
rotating  in  the  same  direction  ns  the  aircraft  rolls  was  found  to  bo 
clearly  superior  to  the  conventional  instrument 
In  the  present  study,  a  series  of  four  different  modifications  in 
attitude  design  were  studied  in  an  effort  to  analyze  and  isolate  the 
basic  elements  which  make  one  instrument  superior  to  another.  In¬ 
cluding  the  control  measurements,  a  total  of  six  comparisons  involving 
555  subjects  provided  the  experimental  data  upon  which  the  present 
discussion  has  been  based. 

Farther  Research  Suggested  by  the  Present  Study 
To  round  out  the  present  investigation  it  would  be  highly  desirable 
to  study  three  additional  attitude-indicator  models.  The  exact  num¬ 
ber  of  comparisons  required  would  depend  upon  the  trend  of  the 
experimental  data.  Model  No.  1  of  this  proposed  series  is  shown  in 
figure  8.2F.  It  should  have  the  following  characteristics  :  (1)  moving 
clement,  consisting  of  a  three-dimensional  miniature  aircraft  model 
enclosed  within  a  transparent  sphere;  (2)  fixed  horizon  reference  line 
and  fixed  scale  at  periphery  of  stationary  transparent  sphere  surround¬ 
ing  the  miniature  aircraft;  (3)  direction  of  rotation  of  moving  element 
to  be  varied  in  successive  comparisons;  (4)  panel  indicator  activated 
by  uutosyn  mechanisms  interposed  between  trainer  fuselage  and  base. 

Model  No.  2  of  the  proposed  series  would  be  characterized  by  the 
following  features:  (1)  moving  element  of  indicator  similar  to  that 
in  the  new  Sperry  Attitude  Gyro,  i.  e.,  a  sphero;  (2)  fixed  horizon  line, 
fixed  scale  at  periphery,  sphere  marked  as  AAF  models;  (3)  direc¬ 
tion  of  rotation  to  bo  varied  in  successive  comparisons;  (4)  autosyn 

activating  mechanisms.  „  . 

Model  No.  3  of  the  proposed  series  would  include  ?he  following 
characteristics:  (1)  moving  element  of  indicator  consisting  of  trans¬ 
parent  hemisphere  with  meridians  embossed  on  inner  surface,  and  so 
placed  that  it  surrounds  the  anterior  half  of  a  miniaturo  piano  which 
is  fixed  in  position  and  heads  away  from  the  pilot;  (2)  reference 
horizon  line  on  the  hemisphere  moving  up  when  the  parent  ship  dives 
and  down  during  a  climb;  (3)  direction  of  rotation  to  he  varied  m 
successive  comparisons;  (4)  autosyn  activating  mechanisms. 

It  was  not  found  possible  to  test  these  three  models  in  tho  time 
allotted  to  this  investigation.  Tho  definitive  analysis  of  the  basic 
relationships  insuring  optimum  interpretability  must  therefore  await 

further  study. 

Basic  Requirements  for  Attitude  Indicators  in  the  Light  of  Present  Experi¬ 
mental  Data  . 

From  the  various  considerations  reviewed  in  the  preceding  discus¬ 
sion  it  would  appear  that  the  most  easily  interpreted  horizon  indicator 
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for  blind  flying  is  one  in  which  the  moving  elements  directly  register^ 
a  shift  in  attitude  by  a  displacement  in  the  same  direction.  It  tends 
to  follow  from  this  basic  requirement  that  the  horizon  line  must  re¬ 
main  fixed  in  relation  to  the  pilot’s  instrument  panel.  It  would  seem 
that  tho  best  results  could  be  achieved  by  the  construction  of  an  in¬ 
strument  which  contains  a  three-dimensional  minature  aircraft  that 
banks  or  pitches  about  a  horizon  which  is  fixed  in  relation  to  the  in¬ 
strument  panel  and  not  with  regard  to  the  true  earth’s  horizon.  Thus 
when  the  attitude  of  the  plane  is  that  of  a  right  roll,  the  miniature 
aircraft  rotates  clockwise ;  when  the  plane  rolls  to  the  left,  the  minia¬ 
ture  model  rotates  in  a  counterclockwise  direction.  During  a  climb, 
tho  noso  of  tho  miniature  model  rises  and  the  tail  sinks  (see  fig.  8.2  F). 

It  should  be  emphasized  that  all  of  tlic  data  of  the  present  investi¬ 
gation  as  well  as  the  findings  of  the  British  study  were  obtained  from 
subjects  who  were  flying  blind  and  unable  to  see  outside  the  trainer. 
It  is  essential  that  in  future  work  these  findings  be  verified  in  a  situa¬ 
tion  which  involves  a  combination  of  blind  and  contact  flying.  As  an 
initial  check,  it  would  be  desirable  to  test  subjects  in  a  situation  some¬ 
what  like  that  used  by  the  Canadians  in  developing  a  screening  test  for 
student  pilots.  The  Canadians  employed  a  special  Link  trainer  with 
biplane  wings.  This  was  flown  contact  in  relation  to  a  cyclorama 
painted  to  simulate  a  view  of  the  earth  as  seen  from  an  elevation  of 
several  thousand  feet  To  adapt  this  test  situation  to  the  needs  of 
tho  proposed  study,  it  would  be  necessary  to  install  only  the  proper 
instrument  panel,  rough-air  mechanism,  and  scoring  system  as  de¬ 
veloped  for  the  present  study.  The  subjects  would  be  required  to  shift 
from  contact  to  instrument  flying  in  a  standardized  but  irregular 
sequence  when  given  the  appropriate  signal  by  way  of  their  earphones. 

Finally,  those  instruments  which  proved  superior  in  the  combination 
contact-and-blind-flying  trainer  situation  should  be  checked  under 
actual  flying  conditions.  Both  novices  and  experienced  pilots  could  be 
tested  for  specified  periods  in  which  the  task  was  merely  one  of  flying 
level  and  horizontal.  Ultimately,  those  acrobatic  maneuvers  which 
cannot  be  simulated  by  the  Link  trainer  should  be  studied,  using  experi¬ 
enced  pilots  as  subjects  and  a  chcck-list  inventory  scored  by  an 
observer. 

In  the  situation  where  the  task  is  merely  one  of  flying  level  and 
horizontal,  performance  could  be  scored  by  some  system  which  records 
roll  and  pitch  deviations.  One  relatively  simple  system  for  obtaining 
such  types  of  scores  employs  mercury  switches  which  close  circuits  to 
various  counters  when  the  plane  rolls  or  pitches  through  successively 
increasing  angles.  Each  counter  circuit  is  interrupted  at  a  fixed  rate. 
The  different  counter  scores  thus  represent  the  time  interval  during 
which  tho  aircraft  deviated  from  straight  and  level  flight  by  various 
specified  amounts.  Probably  a  more  refined  method  for  recording 
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such  data  could  be  developed  by  using  the  pitch  and  roll  components 
of  an  electrically  operated  gyro-horizon  to  close  successive  timing 
circuits. 

Possible  Habit  Interference  in  Shifting  from  Old-Style  to  New-Type  Indicators 

The  data  in  tables  8.1  to  8.5  indicate  that  there  is  a  general  tendency 
for  minus  signs  to  appear  in  the  differences  for  the  second  S-minuto 
test  period  as  subjects  change  from  one  instrument  to  another.  This 
means  that  those  subjects  who  used  a  modified  indicator  following 
practice  with  the  conventional  horizon  did  less  well  than  those  subjects 
who  used  the  conventional  horizon  indicator  after  having  had  an  8- 
minute  practice  period  with  the  modified  instrument.  The  negative 
differences  point  to  the  effect  of  interference  from  habits  that  were 
established  during  the  first  8-minute  test  period.  They  wero  clearly 
significant,  statistically,  only  in  the  case  of  the  reversed  rotation 
horizon  indicator  used  in  the  fifth  comparison.  One  possible  explana¬ 
tion  of  the  predominant  direction  of  the  interference  is  suggested  by 
previous  studies  of  the  learning  function.  The  brief  initial  learning 
period  in  which  the  subjects  use  the  conventional  indicator  requires 
so  much  effort  and  attention,  and  the  subjects  get  so  much  practice 
in  correcting  their  errors,  because  of  the  inherent  difficulty  of  the 
standard  instrument,  that  they  tend  to  fix  their  responses  relatively 
well.  In  contrast,  the  reversed  rotation  indicator  fits  in  so  well  with 
past  habits  that  less  effort  is  required  to  perform  the  tusk  satisfactorily. 
It  is  thus  somewhat  easier  to  break  up  these  habits,  temporarily,  when 
the  subjects  transfer  to  the  conventional  instrument  in  iho  =econd  8- 
minute  test  period.  There  is  some  indirect  substantiation  for  this 
interpretation,  possibly,  in  the  fact  that  the  subjects  express  a  decided 
preference  for  the  modified  instrument  and  regard  it  as  easier. 

The  question  as  to  how  difficult  it  would  lie  for  experienced  pilots 
to  master  an  attitude  indicator  of  the  new  type,  referred  to  just  above, 
cannot  be  answered  by  armchair  theorizing  or  a  casual  expression  of 
opinion.  A  satisfactory  and  dependable  answer  requires  objective 
and  quantitative  evidence. 

SUMMARY  AND  CONCLUSIONS 

It  has  been  pointed  out  that  although  pilots  can  learn  to  use  almost 
any  type  of  artificial-horizon  indicator,  the  novico  may  be  retarded  in 
acquiring  proficiency  in  blind  flying,  and  even  the  experienced  pilot 
may  have  difficulty  during  emergencies  because  of  the  inherent  am¬ 
biguity  in  the  conventional  type  of  instrument. 

Four  different  types  of  artificial-horizon  indicators  have  been  com¬ 
pared  with  the  conventional  instrument  in  terms  of  the  objectively 
scored  Link  ground-trainer  performance  us  the  subject  attempts  to 
maintain  the  fuselage  in  level  and  horizontal  flight  under  conditions 
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of  rough  air.  These  indicators  comprise  the  following  types  of  in¬ 
struments:  (1)  a  scaleless  horizon  indicator  in  which  the  moving 
pointer  and  fixed  scale  of  the  conventional  instrument  have  been  re¬ 
moved;  (2)  a  moving  scale  indicator  in  which  the  scale  rotates  but 
the  reference  index  mark  remains  fixed;  (3)  a  British  type  of  hori¬ 
zon  indicator  in  which  the  fixed  scale  and  pointer  are  at  the  base  of  the 
instrument  dial;  (4)  a  reversed  rotation  instrument  in  which  the 
moving  pointer  and  the  horizon  bar  tilt  or  rotate  in  the  opposite  direc¬ 
tion  from  that  of  the  standard  AAF  flight  indicator. 

All  of  the  modified  horizon  indicators  tend  to  show  some  slight 
superiority  over  the  conventional  instrument  as  contrasted  with  the 
differences  arising  when  two  instruments  of  the  same  design  are  com¬ 
pared.  In  the  case  of  one  category  of  measurement,  the  British  type 
of  horizon  shows  a  difference  in  its  favor  which  has  some  degree  of 
statistical  significance.  The  indicator  in  which  the  moving  pointer 
and  the  horizon  bar  rotate  in  an  opposite  direction  to  that  of  the  con¬ 
ventional  AAF  flight  indicator  is  the  one  instrument  that  shows  a 
superiority  which  has  unquestionable  statistical  significance.  The  re-  , 
verse  rotation  indicator  is  also  the  one  instrument  which  is  most 
consistently  preferred  by  the  subjects.  i 

An  analysis  of  the  various  factors  which  have  been  studied  in  the  ! 
,  series  of  comparisons  between  the  modified  instruments  and  the  stand¬ 

ard  suggests  that  the  most  easily  interpreted  attitude  indicator  for 
blind  flying  will  bo  one  in  which  the  horizon  remains  fixed  with  regard 
to  the  instrument  panel  and  the  moving  clement  rotates  in  the  same 
direction  as  the  piano  rolls.  It  would  appear  that  for  blind  flying  the 
moving  clement  of  the  indicator  should  consist  of  a  three-dimen-  ‘ 
sional  miniature  aircraft  which  banks  or  pitches  within  a  horizon 
circle  which  is  fixed  in  relation  to  the  instrument  panel  rather  than 
with  regard  to  the  true  horizon.  Thus,  when  the  attitude  of  tho  plane 
is  that  of  a  right  roll,  the  miniature  aircraft  rotates  clockwise;  when 
tho  plane  rolls  to  the  left,  the  miniature  model  rotates  in  a  counter-  ; 
clockwise  direction.  During  a  climb,  the  nose  of  tho  miniature  air¬ 
craft  rises  and  the  tail  sinks.  It  should  be  noted,  however,  that  before 
a  final  and  definitive  analysis  can  be  made  with  regard  to  the  basic 
factors  essential  for  an  ideal  design,  at  least  three  additional  types 
of  instruments,  described  previously,  should  be  studied.  It  must  also 
lie  emphasized  that  additional  work  is  required  before  it  can  be  stated 
which  typo  of  instrument  will  insure  minimal  confusion  when  used 
in  situations  other  than  blind  flying  or  when  used  by  experienced  pilots 
who  have  been  trained  on  conventional  instruments. 
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CHAPTER  NINE _  . 

Direction  of  Movement  in  the  Use 
of  Control  Knobs  to  Position 
Visual  Indicators' 

Melvin  J.  Warrick 


Numerous  situations  exist  in  aviation  where  visual  indicators. are 
positioned  by  rotation  of  a  control  knob.  In  a  simple  control-indi¬ 
cator  system  there  are  two  possible  alternate  relationships  between  the 
direction  of  motion  of  a  control  and  the  resultant  motion  of  its  indi¬ 
cator.  For  example,  a  clockwise  motion  of  a  control  could  move  an 
indicator  either  clockwise  or  counterclockwise.  For  greatest  efficiency 
of  operation  it  seems  desirable  that  the  relationship  between  indicator 
and  control  motion  be  such  ns  to  conform  to  the  response  tendencies 
of  the  majority  of  tho  operators.  For  further  discussion  of  this  prob¬ 
lem  see  chapters  2,  3,  10,  and  17.  The  two  studies  reported  in  this 
chapter  represent  an  initial  investigation  of  this  problem  and  were 
planned  and  carried  out  concurrently. 

EXPERIMENT  1 

Purpose 

The  purpose  of  the  first  experiment  was  to  determine  the  direction 
in  which  operators  most  frequently  turn  control  knobs  to  accomplish 
a  certain  direction  of  motion  of  an  indicator  in  several  arrangements 
of  controls  and  indicators. 

For  this  initial  experiment  a  knob  was  selected  as  being  a  commonly 
used  type  of  control.  A.  straight  row  of  light  positions  was  used  as 
tho  indicator,  primarily  because  other  types  of  displays  might  so 
resemble  an  aircraft  instrument  as  to  elicit  a  response  biased  by  ex¬ 
perience  with  that  instrument.  Five  of  the  more  common  spatial 
relationships  between  the  indicator  and  control  were  arbitrarily 
selected  for  study. 

1  Tills  chapter  Is  bn  soil  upon  research  flmlliu;*  reported  In  Headquarters  ASIC,  Engineer¬ 
ing  Division  Memorandum  Report  No.  TSEAA-GOl-lC.  The  assistance  of  Joseph  llakalut 
anil  Helmut  Muelilhauscr  In  constructing  the  apparatus  ami  In  tenting  the  subject*  greatly 
facilitated  the  experiment. 


137 


Apparatus  and  Procedure 

An  apparatus  was  built  containing  five  separate  panels  each  having 
an  indicator  (a  row  of  lights)  and  a  control  knob,  as  shown  in  figure 
9.1.  Each  panel  presented  a  different  relationship  between  the  location 
of  the  indicator  and  the  location  of  the  control. 


Pionuc  9.1— Control-Indicator  panels  used  In  determining  direction  of  response 

preferences. 


It  will  be  noted  in  figure  9.1  that  the  panels  are  numbered  from  left 
to  right  and  the  lights  on  each  are  numbered  in  sequence  from  left 
to  right,  bottom  to  top,  or  front  to  rear.  An  indicator  position  will 
hereafter  bo  referred  to  by  number  and  letter  to  designate  the  panel 
and  the  light  position. 

The  equipment  operated  in  the  following  manner.  A  light  appeared 
on  any  one  of  the  panels  in  a  position  other  than  C  (center) .  The 
subject,  using  his  right  hand  only,  moved  the  light  to  oenter  with  the 
appropriate  knob.  The  control  for  each  knob  was  so  wired  that  no 
mutter  which  way  (clockwise  or  counterclockwise)  the  subject  rotated 
the  control,  the  light  moved  toward  the  center.  However,  once  the 
light  was  moved  from  its  original  position,  the  relationship  between 
the  direction  of  control  motion  and  the  resultant  direction  of  the  indi- 


cat  or  motion  was  established  and  remained  the  same  until  the  problem 
was  solved  or  the  light  returned  to  its  initial  position.  Either  a 
clockwise  or  a  counterclockwise  response  was  correct  in  that  it  moved 
the  light  to  center  and  solved  the  problem. 

A  series  of  40  successive  problems  was  presented  in  a  randomized 
order  of  panels  and  light  positions  (except  that  the  same  panel  never 
succeeded  itself).  Random  time  intervals  not  exceeding  1  second 
occurred  between  the  solution  of  one  problem  and  the  onset  of  the  next. 
Each  light  position  (excluding  the  center)  appeared  twice  during  the 
series.  Thus  there  were  eight  problems  on  each  panel,  four  on  each  side 
of  center.  With  no  wrong  or  unrewarded  responses  possible,  with  a 
randomized  order  of  presentation,  and  with  a  definite  emphasis  on 
speed  of  reaction,  it  was  hoped  that  the  subject's  responses  to  a  particu¬ 
lar  problem  would  be  least  likely  to  be  influenced  by  his  responses  to 
previous  problems. 

Fifty  subjects,  all  rated  military  pilots,  were  employed  in  this  study. 
They  were  divided  into  10  groups.  Each  group  started  at  a  different 
indicator  position  (A  or  E)  in  the  series  of  40  problems.  They  were 
instructed  to  move  each  light  to  center  as  rapidly  as  possible  and  were 
told  that  their  score  would  be  the  amount  of  time  it  took  them  to  com¬ 
plete  the  series.  Cumulative  reaction  times  over  tho  series  were  ob¬ 
tained  and  recorded.  The  subjects  were  shown  the  unidentified  time 
scores  of  other  subjects  before  the  test  as  a  stimulant  to  faster  reactions. 
They  were  not  told  that  they  could  move  the  control  either  way  to  move 
the  light  to  center. 

Results 

In  table  9.1  are  presented  the  percent  of  clockwise  and  of  counter¬ 
clockwise  responses  to  (1)  each  problem;  (2)  problems  on  tho  same 
side  of  center  combined;  and  (3)  all  the  problems  of  each  panel  com¬ 
bined. 

There  arc  two  possible  directions  in  which  the  knob  can  bo  rotated 
to  move  tho  indicator  in  the  desired  direction.  If  neither  direction 
of  response  is  preferred  over  the  other,  the  subject  would  ho  as  likely 
to  respond  with  a  clockwise  as  with  a  counterclockwise  movement  of 
the  control,  unless  other,  factors  such  ns  difficulty  in  making  certain 
movements  are  influencing  the  responses.  Thus,  the  responses  to  par¬ 
ticular  problems  would  bo  split  50  percent  clockwise  and  50  percent 
counterclockwise  within  the  limits  of  chance  variation.  With  50  sub¬ 
jects  tho  probability  is  only  one  in  a  hundred  that  the  number  of  clock¬ 
wise  (or  counterclockwise)  responses  would  exceed  GO  percent.  Thus 
if  there  are  more  than  GG  percent  clockwise  responses  or  more  than  GG 
percent  counterclockwise  responses,  it  is  assumed  that  there  is  a  pre¬ 
ferred  response  in  that  direction  in  the  particular  situation. 


139 


Taw.k  9.1.— Percent  of  dockiclte  ( C )  and  comlcrclock\oite  {CC)  responses  to 

the  five  indicator  panels 
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•Had  an  N  c^nal  to  tho  number  of  rcsjHinses  rather  than  the  number  of  subjects  been  used  an  "Indl  vlduaj- 
posltlon”  percent  figure  would  be  .significant  at  the  1-percent  level  If  It  exceeded  01.6  l>orcent  (/V-100); 
a  "po'ldoiis-comblned"  flRure  significant  If  it  exceeded  58.2  percent  (.V-20G);  on  “entire-panel"  figur* 
tlrniflcnn  t  If  It  exceeded  16.0  (tcrcenl  (N-  400):  and  the  total  significant  If  It  exceed cd  52.6  jrercent  (IV- 2,000). 
Thus  In  terms  of  a  sample  of  resjton.v-4,  not  Individuals,  the  significance  of  the  results  Indicated  In  tha  tabla 
Is  greatly  enhanced. 

» Significant  at  or  above  the  bpercvht  level  of  confidence  for  N-00. 

Tho  obtained  response  tendencies  might  be  due  either  to  the  varia¬ 
bility  between  individuals  or  tho  variability  within  individuals.  For 
example,  tho  percent  of  clockwise  responses  to  positions  A  and  B 
combined,  of  panel  3  may  bo  due  to  OG  percent  of  the  subjects  con¬ 
sistently  responding  clockwise  and  44  percent  consistently  responding 
counterclockwise  whenever  ono  of  those  lights  came  on.  Or  the 
percent  of  clockwise  responses  may  be  duo  to  each  subject  responding 
sometimes  clockwise,  sometimes  counterclockwise.  Or  it  may  be  some 
combination  of  these  two  possibilities.  (The  response  frequencies  to 
positions  A  and  B  and  to  positions  D  and  E  of  each  panel  (table  9.1) 
aro  so  consistently  similar  that  they  may  bo  considered  as  like 
problems.) 

Since  each  light  on  each  panel  appeared  twice,  tho  subjects  made 
four  responses  to  each  like  pair  of  positions.  In  table  9.2  is  presented 
tho  number  of  subjects  responding  four,  three,  two,  one,  and  no  times 
clockwiso  (no,  one,  two,  three,  and  four  times  counterclockwise)  to 
each  pair  of  lights  on  either  side  of  center  for  each  panel. 


Tabu;  0.2. — Xumbcr  of  tubjccts  responding  tcith  four,  three,  ftco,  one,  and  sera 
clockicisc  (C)  responses  to  problems  on  each  side  of  center  of  each  panel 
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7 
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3 
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ID  and  K . 

f  A  and  B » . 

7 

3 

7 

\D  and  E  > . 

'Indicates  that  the  number  of  subjects  responding  predominately  In  the  direction  Indicated  In  the  table 
cannot  reasonably  be  explained  by  chance.  Note  that  the  majority  of  tubjccts  tended  to  respond  clockwise 
to  combined  petitions  A  and  B,  and  D  and  K  of  panel  4. 


Examination  of  table  0.2  indicates  that  there  is  considerable  varia- 
bility  within  individuals  in  responding  to  like  problems.  Thus,  the 
response  tcndcnces  presented  in  table  9.1  are  not  entirely  a  result  of 
combining  individuals  with  consistent  but  opposite  response  tenden¬ 
cies.  The  indicator-control  arrangement  of  panels  3  and  -1  which  in 
table  9.1  yielded  the  most  ambiguous  response  tendencies  are  also  the 
ones  in  table  9.2  which  show  the  greatest  variability  within  individuals 
and  between  individuals.  On  panel  3,  for  example,  it  will  be  noted 
that  1C  subjects  always  responded  clockwise  to  positions  A  and  B,  that 
12  subjects  always  responded  counterclockwise  to  these  lights,  and  that 
22  subjects  responded  with  at  least  one  control  movement  in  each  of 
the  two  possible  directions. 

Two  other  major  questions  cun  be  raised:  (1)  is  the  preponderance 
of  clockwise  responses  an  artifact  elicited  by  the  design  of  the  appara¬ 
tus  itself,  and  (2)  are  the  obtained  responses  to  a  particular  problem 
biased  by  responses  to  a  previous  problem  ?  These  questions  cunnot  be 
answered  without  further  experimentation.  However,  when  only  tho 
first  response  of  each  of  the  50  subjects  was  considered,  it  was  found 
that  54  percent  of  the  responses  were  clockwise,  which  does  not  differ 
significantly  from  the  frequency  (59  percent)  when  nil  40  responses 
of  each  subject  were  considered.  This  would  indicate  that  there  was 
probably  no  significant  tendency  for  the  number  of  clockwise  responses 
to  increase  during  the  series  as  u  result  of  experience  on  the  apparatus. 

Examination  of  tho  data  presented  in  tables  9.1  and  9.2  indicates 
the  following  conclusions:  (I)  In  the  control-indicator  arrangement 
of  panel  1  the  operators  usually  turned  the  control  clockwise  to  movo 
the  indicator  to  the  right  and  counterclockwise  to  move  the  indicator 
to  t lie  left.  (2)  In  the  control-indicator  arrangement  of  panel  2  tho 
operators  usually  turned  the  control  clockwise  to  movo  the  indicator 
up  and  counterclockwise  to  move  the  indicator  down.  (3)  In  the  con- 
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t  rol-indicator  arrangement  of  panel  3  the  operators  showed  no  uniform 
response  preference;  the  control  was  turned  clockwise  slightly  more 
than  5 0  percent  of  the  time  regardless  of  the  direction  in  which  it  was 
desired  that  the  indicator  move.  (4)  In  the  control-indicator  ar¬ 
rangement  of  panel  4  the  operators  most  frequently  turned  the  control 
clockwise  regardless  of  which  direction  they  wanted  the  indicator  to 
move.  (f>)  In  the  control-indicator  arrangement  of  panel  5  the  opera¬ 
tors  usually  turned  the  control  clockwise  to  move  the  indicator  down 
and  counterclockwise  to  move  the  indicator  up.  On  all  panels  opera¬ 
tors  tended  to  make  clockwise  responses  more  frequently  than  counter¬ 
clockwise  icsponses.  This  was  particularly  true  of  the  responses  to 
panel  4. 

Conclusions  of  Experiment  1 

In  the  situations  where  an  indicator  moved  in  the  same  plane  as  its 
control  (panels  1,  2,  and  5),  the  operator  usually  moved  the  control 
so  that  the  part  of  it  nearest  the  indicator  moved  in  the  direction  in 
which  lie  was  attempting  to  move  the  indicator.  In  both  situations 
where  the  control  did  not  move  in  the  same  plane  as  its  indicator 
(panels  3  and  4)  the  response  tendencies  were  ambiguous.  Thus,  in 
equipment  design,  the  indicator-control  arrangements  of  panels  1, 
2,  and  5,  if  used  in  accord  with  the  results  of  this  experiment,  are  to 
be  preferred  over  those  of  panels  3  and  4. 

EXPERIMENT  * 

PurpoM 

From  preliminary  investigation  it  seemed  likely  that  the  control- 
indicator  arrangements  of  panels  3  and  4  of  experiment  1  would  yield 
ambiguous  responses.  (This  was  borne  out  by  the  results.)  It  also 
seemed  likely  that  it  would  occasionally  bo  necessary  to  use  these 
arrangements. 

To  study  these  two  relationships  in  more  detail,  experiment  2  was 
planned  and  conducted  at  the  same  time  as  experiment  1.  The  purpose 
of  experiment  2  was  to  determine  which  of  the  alternate  motion  rela¬ 
tionships  is  most  efficient  in  terms  of  speed  or  minimum  errors  in  these 
two  specific  arrangements. 

Apparatus  and  Procedure 

Tho  apparatus  used  in  this  investigation  is  shown  in  figure  9.2. 
It  consisted  of  a  large  box  with  the  control  knob  in  the  center  of  one 
side  and  a  row  of  11  indicator  lights  across  an  adjacent  sido  parallel 
to  the  axis  of  rotation  of  the  knob.  Tho  same  box,  in  different  posi¬ 
tions,  was  used  to  obtain  tho  two  indicator-control  arrangements. 
Each  light,  except  tho  center  and  two  extreme  lights  appeared  an 
equal  number  of  times  in  an  irregular  scquenco  of  40  trials.  The  sub¬ 
ject  was  required  to  turn  the  knob  and  move  tho  light  to  center.  A 
clock  cumulated  the  reaction  time  for  the  10  successive  trials.  If  the 
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Fioukk  9.2. — CoutroMiullcntor  arrangements  used  In  experiment  2. 


control  was  turned  the  wrong  way,  the  light  moved  from  tho  center 
and  an  error  was  accumulated  on  a  counter.  An  error  was  recorded 
only  if  the  knob  was  turned  in  tho  wrong  direction  enough  to  light 


an  indicator  bulb.  A  switch  allowed  the  administrator  to  reverse  the 
direction  of  the  indicator  movement  in  relation  to  the  control  move¬ 
ment.  The  test  was  self-paced  with  an  interval  between  the  solution 
of  one  problem  and  the  onset  of  the  next  of  approximately  O.C  second. 

Forty-two  rated  military  pilots  were  tested.  Half  the  subjects 
started  with  one  indicator-control  relationship  and  half  the  subjects 
started  with  the  alternate  relationship.  In  order  to  test  each  subject 
using  each  control-indicator  relationship  and  to  counterbalance  for 
interaction  effects,  the  relationship  between  indicator  and  control  was 
reversed  after  the  first  and  third  of  the  four  successive  40-trial  se¬ 
quences.  Thus,  half  the  subjects  were  run  in  a  ABBA  order  and 
half  in  a  BAAB  order  on  each  panel  position.  The  subjects  were 
told  that  the  relationship  between  indicator  and  control  might  be 
reversed  from  one  series  of  trials  to  the  next.  They  were  told  their 
time  scores  at  the  end  of  each  scries  of  trials  but  were  not  told  that  a 
count  of  their  errors  was  being  made. 

Results 

In  table  9.3  arc  presented  the  means  and  the  standard  deviations 
of  the  time  and  error  scores  for  each  relationship  of  the  two  panel 
positions.  The  differences  between  the  mean  error  scores  and  between 


Table  0.3. — Relative  effectiveness  of  alternate  controUindicator  motion  relation - 
ships  in  tioo  arrangements  of  control  and  indicator 

PANE!.  POSITION  NO.  I  (tf-42) 


PANE!,  POSITION  NO.  2  (A7-42) 
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i  "A"  Ion'll li>,  a  clockwise  mot  lun  of  the  knob  moved  Uio  light  to  the  left  and  ft  counterclockwise 
motion  mow.!  the  light  to  the  right. 

•  "If  riiutloii'lilii,  •  clockwise  motion  of  the  knob  moved  the  light  to  the  right  and  »  counterclockwise 
motion  moved  the  light  to  the  left. 

•  Sign  lilt  nnt  at  the  l-(>crcent  level  of  confidence. 

•  "A"  ni.ttlonslilit,  >  clock w  Iso  motion  of  the  knob  moved  the  light  awey  from  the  ojxrator  and  a  counter- 
clockwise  motion  of  the  knot)  moved  the  light  toward  the  subject. 

•  “II"  rvlat loii'li In.  a  clockwise  motion  of  the  knob  moved  the  light  toward  the  o|>crator  and  a  counter- 
clockwlw  motion  of  the  knob  moved  the  light  away  from  the  subject. 

•  Significant  at  the  S-jx-rcvut  level  of  confidence. 


the  mean  time  scores  for  each  panel  position  arc  presented  in  terms 
of  t. 

In  panel  position  1  an  operator  worked  slightly,  but  significantly, 
faster  when  the  relationship  between  indicator  and  control  was  suck 
that  a  clockwise  motion  of  the  control  resulted  in  an  indicator  motion 
to  the  left,  and  a  counterclockwise  motion  of  the  control  resulted  in 
an  indicator  motion  to  the  right.  The  number  of  errors  was  also 
slightly  but  not  significantly  reduced  by  this  arrangement. 

In  panel  position  2  an  operator  made  significantly  fewer  errors 
when  the  relationship  between  indicator  and  control  was  such  that  a 
clockwise  motion  of  the  control  moved  the  indicator  toward  him  and 
a  counterclockwise  motion  moved  the  indicator  away  from  him.  The 
speed  was  also  increased,  but  not  significantly,  by  this  arrangement. 
It  will  be  noted  that  the  differences  in  speed  or  errors  on  either  panel, 
even  though  significant,  were  extremely  small. 

A  comparison  of  the  first  40  trials  was  made  between  tho  21  subjects 
starting  with  one  motion  relationship  and  the  21  subjects  starting  with 
tho  alternate  motion  relationship  of  each  panel.  The  results  agreed 
with  the  results  from  the  total  group  as  presented  in  table  9.2. 

Conclusions  of  Experiment  2 

In  the  control-indicator  arrangement  of  panel  position  1,  operators 
respond  more  rapidly,  and  perhaps  with  fewer  errors,  when  a  clock¬ 
wise  motion  of  tho  control  results  in  motion  of  tho  indicator  to  the 
left,  and  a  counterclockwise  motion  of  tho  control  results  in  motion  of 
the  indicator  to  the  right.  In  tho  control-indicator  arrangement  of 
panel  position  2,  operators  respond  with  fewer  errors,  and  perhaps  with 
greater  speed,  when  a  clockwise  motion  of  the  control  results  in  motion 
of  the  indicator  toward  tho  operator  and  counterclockwise  motion  of 
the  control  results  in  motion  of  the  indicator  away  from  tho  operator. 
However,  tho  practical  difference  in  efficiency  resulting  from  uso  of 
one  control-indicator  relationship  as  opposed  to  its  alternate  in  these 
two  indicator-control  arrangements  is  so  slight  as  to  bo  easily  out¬ 
weighed  by  other  considerations  important  in  tho  design,  installation, 
and  use  of  indicators  and  controls. 

GENERAL  SUMMARY  AND  CONCLUSIONS 

The  purpose  of  these  experiments  was  to  determine  the  preferred 
relationship  between  the  direction  of  motion  of  a  control  and  its  in¬ 
dicator  in  fivo  arrangements  of  indicators  and  controls.  These 
arrangements  are  shown  in  figuro  9.1. 

Fifty  rated  military  pilots  were  required  to  move  a  light  to  center 
from  various  positions  in  a  row  of  lights  by  a  right-hand  operated 
control  knob.  Each  of  the  five  arrangements  of  control  and  indicator 
were  presented  to  subjects  in  a  randomized  order.  The  apparatus  was 
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built  so  that  no  matter  which  way  the  control  was  moved,  the  lignt 
would  move  toward  center. 

It  was  found  that  arrangements  1,  2,  and  5,  where  tho  indicator 
moved  in  the  same  plane  as  its  control,  yielded  consistent  responses, 
tho  subjects  preferring  the  motion  relationship  such  that  the  part  of 
tho  control  nearest  the  indicator  and  tho  indicator  moved  in  the  same 
din.ction.  It  was  found  that  arrangements  3  and  4  (in  which  the 
indicator  did  not  move  in  the  same  plane  as  its  control)  did  not  yield 
consistent  responses. 

A  second  experiment  was  performed  using  only  arrangements  3  and 
4  (p  nol  positions  1  and  2  of  *  fig.  9.2)  to  determine  which  alternate 
motion  relationship  would  result  in  the  greatest  speed  or  the  fewest 
orrors.  Forty-two  rated  military  pilots  wero  tested,  using  each  alter¬ 
nate  motion  relationship  of  each  control-indicator  arrangement. 

It  was  found  that  the  subjects  worked  significantly  faster  and  with 
slightly  fewer  errors  if  the  motion  relationship  of  arrangement  3  (fig. 
9.1)  was  such  that  a  clockwise  motion  of  the  control  knob  moved  tho 
indicator  to  the  left  and  the  converse;  and  that  tho  subjects  made 
significantly  fewer  errors  and  worked  slightly  faster  if  tho  motion 
relationship  of  arrangement  4  (fig.  9.1)  was  such  that  a  clockwise 
motion  of  tho  control  knob  moved  the  indicator  toward  the  subject 
and  tho  converse. 

Because  of  tho  systematic  consistency  of  response  to  the  control- 
indicator  arrangements  illustrated  by  panels  1, 2,  and  6  of  experiment 
1  these  arrangements  are  recommended  for  use  in  that  order  pro¬ 
viding,  of  course,  that  the  Inotion  relationship  is  auch  that  the  part 
of  tho  control  adjacent  to  the  indicator  and  the  indicator  move  in  the 
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A  Study  of  the  Most  Effective 
Relationships  between  Selected 
Control  and  Indicator  Movements1 
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INTRODUCTION 

Grcther  (see  ch.  2)  and  Brown  and  Jenkins  (see  ch.  3)  have  dis¬ 
cussed  the  theoretical  aspects  of  the  display-movement,  control- 
movement  problem.  An  experimental  approach  to  the  problem  has 
been  described  by  Warrick  (see  ch.  9) .  A  somewhat  different  method 
of  attacking  this  problem  with  a  more  complicated  display-control 
relationship  is  reported  in  this  chapter.  In  the  operation  of  equip- 
,  ment  such  ns  the  visual  bomb  sight  and  the  radar  tail-gun  sight,  it  is 
necessary  for  the  operator  to  manipulate  controls  in  such  a  manner  as 
to  cause  a  target  and  cross  hairs  to  coincide.  In  the  performance  of 
this  task  the  question  often  arises  os  to  whether  it  is  more  natural  to 
think  of  bringing  the  cross  hairs  to  the  target  or  the  target  to  the  cross 
hairs.  The  question  is  indicative  of  the  confusion  sometimes  attendant 
in  tho  operation  of  equipment  of  this  type.  It  has  many  times  been 
observed  tlint  naive  subjects  operating  equipment  of  this  type  for  tho 
first  time  innko  ninny  errors  in  control  movement,  i.  c.,  move  the  con¬ 
trols  in  a  direction  calculated  to  bring  a  target  and  cross  hairs  into 
coincidence  only  to  find  that  the  displacement  between  the  two  bns 
increased.  It  has  further  been  observed  that  with  practico  the  dif¬ 
ficulty  is  overcome  and  a  learned  response  is  mndc  in  the  correct 
direction.  It  has  been  hypothesized,  however,  that  under  conditions 
of  stress  the  operator  will  revert  to  the  old  or  natural  set  and  it  is 
desirable,  therefore,  to  determine  the  most  nntural  control  movements 
for  bringing  the  target  and  cross  hairs  into  coincidence. 

This  experiment  was  designed  to  investigate  tho  relationship  be¬ 
tween  the  line  of  movement  of  tho  spot  on  the  face  of  tho  oscilloscope 
and  tho  axis  of  movement  of  two  control  knobs.  Since  it  was  also 

1  Tbl«  chapter  Is  b«»ed  open  research  Ending!  reported  In  Betdqnarter*  AMC,  Kngineer- 
Ing  Dlrlslon  Memorindnra  Report  No.  TSBAA-E94-T. 
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possible  to  vary  the  relationship  between  the  direction  of  display  move¬ 
ment  and  the  direction  of  rotation  of  the  control  knob,  this  problem 
also  has  been  investigated. 

APPARATUS  AND  PROCEDURE 

The  apparatus2  consisted  of  five  distinct  units:  an  RCA  5-inch 
cathode  ray  osilloscope,  a  pair  of  control  knobs,  a  stepping  switch, 
planc-of-movomcnt  switches,  and  counters  and  timing  mechanisms. 
The  assembled  apparatus  (without  the  timers  and  counter's)  is  illus¬ 
trated  in  figure  10.1.  A  commercial  cathode  ray  oscilloscope  was 

ft  HU*  Of  UOvCUUT  lalTCxCf 
ft  »OhW  tvifCMO 
C  CONTROL  »0»t» 


Fioues  10.1. — Apparatus  used  In  the  study  of  control-indicator  movement 

relationships. 


modified  so  that  the  potential  on  the  plates  could  bo  varied  and  would 
hold  a  direct-current  charge.  By  varying  the  potential,  the  spot  on 
the  faco  of  the  scope  could  lie  displaced  cither  right  and  left  or  up  and 
down.  Cross  hairs  wtr»  positioned  on  the  face  of  the  scope  so  that 
they  intersected  at  tho  center,  dividing  the  face  into  four  quadrants. 

The  two  mechanisms  known  as  control  knobs  were  identical  and 
are  illustrated  in  figuro  10.2.  Each  consisted  of  a  knurled  knob 
mounted  on  a  shaft.  The  knob  bushing  was  oversized  0.005  inch  allow¬ 
ing  it  to  rotato  independent  of  the  shaft.  Two  sets  of  points  (electric 
contacts)  supported  on  a  U-shaped  bracket  were  mounted  on  tho  con- 

1  The  author*  with  to  ackuowlrtlKe  the  auMutance  ot  Helmut  Muchlhauger  both  to  tbft 
ronetructlon  i.f  the  apparatus  «ud  lu  the  runolug  ot  the  subject*. 
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A.  CONTROL  KNOB 

B.  U-SHAPED  BRACKET 

C.  ADJUSTABLE  SPRINGS 
0.  ADJUSTABLE  POINTS 
£.  COMMUTATOR 

F.  BRUSHES 

G.  POTENTIOMETER 


Fiouke  10,2. — Diagram  of  control  mechanism. 


trol  knob  in  such  a  way  that  the  arms  extend  perpendicular  to  the  plane 
of  rotation  and  parallel  to  the  shaft.  The  arms  of  tho  bracket  were 
180°  apart,  one  extending  below  tho  shaft  and  one  above. 

A  three-ring  commutator  was  also  mounted  on  the  shaft  and  fixed 
in  position  by  a  setscrew.  The  arms  of  the  control-knob  bracket 
meshed  with  a  slot  in  tho  face  of  the  commutator  in  such  a  way  that 
clutching  action  was  obtained  along  with  electrical  switching.  Tho 
two  contacts  at  the  top  of  the  slot  in  the  face  of  the  commutator  were 
wired  to  one  of  the  slip  rings.  Each  of  the  contact  points  at  the  bot¬ 
tom  of  the  slot  were  wired  to  separate  rings.  The  contact  points  of  the 
control  knob  were  positioned  midway  between  tho  top  and  bottom 
points  of  the  commutator  by  adjustable  springs.  Thus,  when  no  torque 
was  applied  to  the  knobs,  they  were  self-centering,  contact  was  broken, 
and  no  current  passed.  If,  however,  force  was  applied  to  the  control 
knob,  contac’.  was  made  between  one  of  the  upper  points  on  tho  face 
of  the  commutator  and  the  opposite  point  on  the  lower  face,  thereby 
completing  a  circuit.  The  current  was  led  off  by  brushes  to  the  clocks 
and  counters  of  the  scoring  device.  It  should  bo  pointed  ou^  hero 
that  as  force  was  applied  the  control  knob  slipped  on  the  shaft 
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and  moved  in  the  direction  of  the  applied  force.  As  the  spring 
tension  of  the  centering  device  was  overcome,  contact  was  made  be¬ 
tween  diagonally  opposite  points  in  the  face  of  the  commutator,  com¬ 
pleting  a  circuit  between  separate  rings  of  the  commutator,  and  the 
current  was  in  turn  led  off  by  brushes  to  the  clocks  and  counters  con¬ 
cerned.  Although  the  clocks  and  counters  began  to  record  both  time 
and  direction  of  motion  as  soon  as  the  spring  tension  was  overcome, 
it  was  not  until  the  applied  force  was  transmitted  by  the  points  of  the 
control  knob  to  the  opposite  points  of  the  commutator  that  the  inertia 
and  friction  of  the  shaft  was  overcome  and  it  began  to  rotate.  A  gear 
train  driven  by  the  shaft  controlled  the  rotation  of  the  wiper  arm 
of  a  potentiometer  which  was  wired  in  scries  with  a  battery  and  the 
plates  of  the  oscilloscope.  It  can  be  seen  then  that  there  was  an  initial 
latency  between  the  movement  of  the  control  knob  and  the  visual  dis¬ 
placement  of  the  spot  on  the  face  of  the  scope.  This  time  delay  was 
desirable  as  it  afforded  the  subject  no  clue  to  an  incorrect  response 
before  actual  recording  was  begun. 

A  40-position  stepping  switch  was  provided  which,  when  it  stepped 
to  a  new  position,  varied  the  resistance  in  the  circuit,  thereby  dis¬ 
placing  the  spot  on  the  face  of  the  scope  and  presenting  a  new  problem 
to  the  subject.  The  subject  was  then  required  to  center  the  “spot” 
which  he  did  by  balancing  the  system,  i.  e.,  by  rotating  the  wiper  of 
tho  potentiometer.  The  stepping  switch  was  stepped  to  a  new  position 
by  depressing  two  spring-loaded  switches. 

Switches  were  also  provided  for  changing  the  polarity  of  the 
current,  thus  making  it  possible  to  change  the  direction  of  motion 
of  tho  “spot,”  in  relation  to  the  control  knobs. 

The  clock  and  counter  mechanism  consisted  of  three  clocks  and  four 
counters  which  were  provided  to  record  time  and  direction  of  motion 
of  the  control  knobs.  One  clock  recorded  the  time  that  the  left  control 
knob  was  in  motion  cither  clockwise  or  counterclockwise.  Another 
clock  recorded  the  same  information  for  tho  right  control  knob.  A 
third  clock  recorded  the  total  operating  time,  i.  e.,  the  time  necessary 
to  complete  tho  40  problems.  Ono  counter  recorded  all  clockwise 
motions  of  tho  left  control  mechanism ;  another  counter  recorded  all 
counterclockwise  motions  of  that  control  mechanism.  A  third  counter 
recorded  all  cloekwiso  motions  of  tho  right  control  mechanism;  and 
another  counter  recorded  all  counterclockwise  movements  of  the  right 
control  mechanism, 

Tho  subjects,  Army  Air  Forces  pilots,  were  divided  into  two  groups 
of  24  each.  The  first  group  was  tested  under  condition  C,  in  which  the 
axis  of  movement  of  tho  control  knobs  was  perpendicular  to  tho  plane 
of  movement  of  the  spot.  Thus,  under  condition  C  a  movement  of 
tho  left  control  knob  caused  a  horizontal  movement  of  tho  spot  and  a 
movement  of  the  right  control  knob  caused  a  vertical  movement  of 
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the  spot.  The  second  group  was  tested  under  condition  N,  in  which 
the  line  of  movement  of  the  spot  was  parallel  to  the  axis  of  control 
movement.  The  control  boxes  were  fixed  in  position  and  maintained 
their  relationship  throughout  the  experiment.  The  left  control  box 
was  fixed  in  a  position  such  that  the  axis  of  rotation  of  the  control 
knob  was  vertical,  and  the  right  control  box  was  fixed  in  position  such 
that  the  axis  of  rotation  of  the  control  knob  was  horizontal.  Under 
condition  C  rotation  of  the  left  control  knob  produced  horizontal  dis* 
placement  of  the  spot  cither  to  the  right  or  to  the  left,  while  rotation 
of  the  right  control  knob  produced  vertical  displacement  of  the  spot 
either  up  or  down.  Under  condition  N,  rotation  of  the  left  control 
knob  produced  vertical  displacement  of  the  spot  either  up  or  down, 
and  rotation  of  the  right  control  knob  produced  horizontal  displace¬ 
ment  of  the  spot  either  right  or  left.  There  were  four  distinct  rela¬ 
tionships  between  display  movements  and  control  movements  under 
condition  C  and  four  distinct  relationships  under  condition  N.  The 
four  relationships  under  condition  C  were  (with  II  and  L  for  right 
and  left  and  U  and  D  for  up  and  down)  CRD.  CRU,  CLD,  and  CLU. 
Similarly  under  condition  N  the  relationships  were  NDR,  NUR, 
NDL,  and  NUL.  All  of  the  above  relationships  refer  to  clockwise 
movement  of  the  knobs ;  of  course,  a  counterclockwise  movement  of 
the  knob  resulted  in  the  opposite  movement  of  the  spot 

The  subjects  were  seated  before  the  apparatus  and  instructed  in  the 
operation  of  the  apparatus.  First,  the  problem  switches  were  pointed 
out  and  it  was  explained  that  they  were  to  bo  depressed  in  order  to 
begin  each  succeeding  new  problem.  The  operator  next  pointed  out 
the  spot  and  the  cross  hairs  and  demonstrated  how  they  are  made  to 
coincide  by  the  simultaneous  manipulation  of  the  control  knobs.  Here 
again  it  was  pointed  out  that  once  the  spot  was  centered  the  subject 
was  to  remove  his  hands  from  the  control  knobs  and  depress  tho  two 
problem  switches  to  present  a  new  problem. 

There  wero  40  problems  in  each  series.  The  subjects  were  run 
through  one  series,  given  a  short  rest  during  which  time  tho  direction 
of  control  movement  was  changed  (a  new  relationship  presented),  and 
then  the  subjects  were  run  through  another  series,  until  all  four  series 
wero  completed. 

A  counterbalanced  experimental  order  was  used  involving  48  sub¬ 
jects.  Twenty-four  of  the  subjects  were  run  under  condition  C  and 
24  under  condition  N.  Within  the  two  conditions  tho  order  in  which 
each  of  the  four  relationships  was  presented  was  completely  counter¬ 
balanced. 

RESULTS 

Three  different  problems  can  be  investigated  with  the  data  collected. 
First,  tho  best  display-movement,  control-movement  relationship 
under  condition  C,  where  the  line  of  movement  of  the  spot  was  per- 


pendicular  to  the  axis  of  control  movement.  Next  the  best  relation¬ 
ship  under  condition  N,  where  the  line  of  movement  of  the  spot  is 
parallel  to  the  axis  of  movement  of  the  control  knob.  Finally  the 
relative  accuracy  and  speed  of  response  under  condition  C  and  con¬ 
dition  N  can  bo  determined. 

Under  condition  C  there  were  four  control  relationships,  CRD,  CRU, 
OLD,  and  CLU.  Table  10.1  shows  the  means,  standard  deviations, 
correlations,  and  critical  ratios  both  for  the  average  number  of  starts 
and  for  the  average  time  per  control  knob.  Figure  10.3  gives  a  graphic 
presentation  of  the  means  for  both  the  number  of  starts  and  the  aver¬ 
age  time.  The  number  of  starts  given  in  table  10.1  is  the  number  of 
starts  in  cither  direction  averaged  over  the  four  counters.  The  time 
is  given  in  terms  of  the  average  amount  of  time  either  of  the  control 
knobs  was  turned,  that  is,  the  times  on  the  two  clocks  averaged  and 
expressed  in  minutes.  An  inspection  of  table  10.1  and  figure  10.3 
reveals  that  there  are  very  significant  differences  in  the  number  of 
starts  required  to  center  the  spot  with  different  control  relationships. 
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When  there  is  correspondence  between  the  axis  of  movement  of 
the  control  knobs  and  the  lino  of  movement  of  the  spot  the  relationship 
CRD  is  by  far  the  best,  that  is,  a  relationship  where  a  clockwise  move¬ 
ment  of  the  knobs  causes  a  right  and  down  movement  of  the  spot. 

This  relationship  allows  the  completion  of  the  problems  with  the 
smallest  number  of  false  starts  and  in  the  shortest  time.  The  relation¬ 
ship  CLU  is  tho  poorest  relationship,  with  the  two  other  relationships, 
CRU  and  CLI>,  falling  about  halfway  between  the  best  and  poorest 
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Kigukb  10.3.— Omiutrison  of  number  of  starts  nml  total  time  scores  for  each 

comiltion  studied. 


relationship.  The  best  display-control  relationship  is  associated  with 
about  onc-luilf  the  number  of  false  starts  associated  with  the  poorest 
relationship.  To  determine  the  approximate  number  of  false  starts 
in  any  series  the  approximately  20  correct  starts  in  each  series  must 
be  subtracted  from  the  total  number  of  starts.  It  will  be  noted  that 
differences  between  the  times  from  relationship  to  relationship  nro 
not  as  significant  as  the  differences  l>elween  the  number  of  starts. 
However,  both  the  times  and  number  of  starts  indicate  the  superiority 
of  the  CRD  relationship. 

Under  condition  X  there  were  four  control  relationships  similar  to 
those  in  condition  C.  These  relationships  were  XDR,  XUR,  XDD, 
and  XUL.  For  example.  XDR  differed  from  CRD  because  a  move¬ 
ment  of  the  control  knob  mounted  in  the  horizontal  plane  caused 
a  vertical  movement  of  the  spot,  and  movement  of  the  control  knob 
mounted  in  a  vertical  plane  caused  a  horizontal  movement  of  the  spot. 
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Table  10.2  shows  the  means,  standard  deviations,  correlations,  and 
critical  ratios  for  the  number  of  starts  and  for  the  average  times  for 
two  relationships. 
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number  of  starts  and  time  scores  for  condition  y 
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Table  10.2  shows  that  there  are  no  significant  differences  between 
the  number  of  starts  for  any  of  the  relationships  in  condition  N. 
Similarly  there  are  no  significant  differences  between  the  times,  since 
the  critical  ratio  given  is  between  the  two  most  divergent  mean  times. 


Tauix  10.3.— Means,  standard  deviations,  and  t  values  for  the  number  of  starts 
and  time  scores  for  condition  C  and  condition  N 


Comparison 

Number  of  start* 

Mean 

SD 

I 

CRD . . . 

40.58 

}  8.41 

3.79 

NDR . 

03.  W 

CRU . . . 

5X42 

16. 17 

NUR . 

58.70 

12.85 

1.36 

OLD . 

50. 67 

10. 10 

1.94 

SDL . 

Gt  62 

25.77 

C1.U . 

61.06 

11.55 

.79 

NUL . 

57.83 

2135 

CRD . . . 

40.58 

Mi 

3.40 

NUL . . . 

57.83 

23.35 

Time  (minutes) 


CRD . 

1.27 

0.46 

3.49 

NDR..... . 

1.80 

JS 

CRU . 

1.41 

.42 

246 

NUR . 

1.77 

.57 

Ct.D . 

1. 37 

.41 

289 

NDL . 

1.91 

.82 

CLU . 

1.65 

.30 

1.37 

NUL . 

1.74 

.55 

CKD . 

1.27 

.48 

3.34 

NUL . 

1.74 

.55 

154 


While  these  results  are  based  on  only  24  subjects  for  each  relationship 
it  seems  apparent  that  any  differences  found  with  a  larger  number  of 
subjects  would  not  be  of  great  practical  importance. 

Table  10.3  shows  the  means,  standard  deviations,  and  critical  ratios 
between  condition  C  and  condition  N  for  the  different  relationships. 
The  first  four  comparisons  are  between  the  corresponding  movement 
relationships  for  the  two  conditions,  that  is,  a  clockwise  movement 
of  the  knob  caused  the  spot  to  move  in  the  same  direction  in  each 
case.  The  last  comparison  in  each  part  of  the  table  is  between  the 
empirically  best  control  relationship  under  each  condition. 

Table  10.3  shows  that  while  the  number  of  starts  or  times  under 
condition  C  are  usually  less  than  under  condition  N  they  are  not 
always  significantly  different.  However,  there  is  no  doubt  that  the 
empirically  best  relationship  under  condition  C  is  significantly  better 
than  the  best  relationship  under  condition  X.  This  is  true  for  both  the 
number  of  starts  and  the  time  taken.  It  should  be  noted  that  the 
poorest  relationship  under  condition  C  causes  more  starts  than  the 
best  relationship  under  condition  N. 

DISCUSSION  AND  CONCLUSIONS 

These  results  demonstrate  the  very  large  change  in  efficiency  and 
speed  of  response  that  can  be  effected  by  changing  the  relationship  be¬ 
tween  the  movement  of  a  control  and  the  resulting  movement  of  the 
display.  Even  though  the  control  may  bo  associated  with  the  proper 
plane  of  movement  of  the  display  its  effectiveness  may  bo  greatly  re¬ 
duced  by  having  it  associated  with  the  display  by  an  inappropriate 
relationship  between  its  movement  and  the  movement  of  tho  display. 

Vince5  has  demonstrated  that  in  a  very  simple  display-response 
problem  there  are  considerably  fewer  errors  in  direction  of  response 
made  when  the  control-display  relationship  is  in  the  “expected”  di¬ 
rection.  This  superiority  of  “expected”  display-control  relationship 
held  only  when  the  subjects  were  required  to  respond  very  rapidly;  as 
soon  as  the  subjects  were  given  considerable  timo  in  which  to  make  this 
response  the  “expected”  and  “unexpected”  relationships  gavo  similar 
results.  The  present  results  seem  to  be  consistent  with  Vince’s  findings, 
since  in  a  rather  complicated  display-control  relationship  problem 
it  was  found  that  the  relationship  between  the  axis  of  movement  of 
tho  control  and  the  line  of  movement  of  tho  display  was  important  and 
also  that  tho  relationship  between  the  direction  of  movement  of  tho 
display  and  of  the  control  was  important  in  reducing  errors  and  time. 
It  would  seem  that,  if  the  display  and  response  required  are  very  simplo 
and  if  considerable  time  is  allowed  for  responding,  the  display-control 

*  Vine*.  M.  A.,  Direction  of  movement  of  machine  control*.  Flying  Personnel  Research 
Committee,  Report  .Vo.  $S7,  AuRuxt  1845. 
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relationships  may  not  be  important,  but  if  the  display  or  response  re¬ 
quired  is  complex  or  if  the  operator  is  hurried,  the  display-control 
relationships  arc  of  extreme  importance. 

Data  presented  by  Warrick  (see  ch.  0)  have  been  interpreted  as 
showing  that  when  the  axis  of  movement  of  the  control  is  perpendicu¬ 
lar  to  the  line  of  movement  of  the  display  a  consistent  operator  pref¬ 
erence  with  respect  to  direction  of  response  exists,  but  that  when  the 
two  movements  arc  not  in  the  same  plane  there  are  less  marked 
preferences.  The  present  results  seem  to  lend  weight  to  such  an  hypoth¬ 
esis  since  the  fewer  starts  and  shorter  time  were  taken  by  those 
operators  working  with  the  relationship  where  the  axis  of  control 
movement  was  perpendicular  to  the  line  of  the  display.  However, 
the  results  also  show  that  the  advantage  of  having  proper  axis  of 
movement  relationships  may  be  nullified  by  improper  line-of-m'ove- 
*  meat  relationships. 

The  results  of  this  experiment  suggest  the  following  hypotheses^ 

1.  In  a  display-control  relationship  it  is  important  to  insure  that 
the  axis  of  movement  of  a  rotary  control  is  perpendicular  to  a  line 
parallel  to  the  line  of  movement  of  the  display. 

2.  The  relationship  between  the  plane  of  movement  of  the  display 
and  the  axis  of  the  control  movement  will  be  effective  only  if  there  is 
also  a  proper  relationship  between  the  direction  of  movement  of  the 
control  ami  the  direction  of  movement  of  the  display. 

3.  When  tho  controls  arc  locuted  between  the  operator  and  the 
displuy  and  the  axis  of  the  control  movement  is  perpendicular  to  a  line 
parallel  to  and  below  the  line  of  movement  of  the  display,  a  knob  con¬ 
trolling  horizontal  movement  of  the  display  should  be  so  related  to  the 
display  that  a  clockwise  movement  of  the  control  causes  a  movement 
of  tho  display  to  the  right,  and  a  knob  to  the  right  of  the  operator  con¬ 
trolling  tho  vertical  movement  of  n  display  should  be  so  related  to  the 
display  that  a  clockwise  movement  of  the  control  causes  a  downward 
movement  of  tho  display. 

While  the  hypotheses  above  appear  to  be  consistent  with  other 
research,  they  should  be  verified  and  extended.  Particularly  should 
other  nxis-of-movement,  direct ion-of-movement  relationships  be 
determined.  Subjects  should  be  run  with  only  one  control  knob  and 
one  direction  of  movement  of  tho  spot.  It  would  also  bo  instructive 
to  substitute  levers  for  the  present  round  control  knobs.  It  is  often 
stated  that  although  a  particular  display-control  relationship  may 
bo  awkward  for  the  naive  subjects,  trained  operators  have  so  learned 
the  required  responses  that  that  particular  relationship  has  become 
“natural”  for  them.  This  hypothesis  should  be  investigated  as  well 
as  the  possibility  that  the  trained  operators  will  revert  to  their 
original  “natural”  response  relationships  under  stress. 
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SUMMARY 


The  purpose  of  this  study  was  to  investigate  the  relationship  between 
the  line  of  movement  of  a  spot  on  the  face  of  an  oscilloscope  and  the 
axes  of  two  control  knobs  located  between  the  subjects  and  the  display. 
Forty-eight  AAF  pilots  were  tested  on  each  of  the  variables  in  a  coun¬ 
terbalanced  sequence.  The  following  conclusions  and  hypotheses  are 
formulated : 

1.  Wien  the  axis  of  movement  of  the  control  knobs  is  perpendicular 
to  a  line  parallel  to  and  below  the  line  of  movement  of  tho  spot,  the 
best  relationships  are  as  follows:  (a)  for  a  control  knob  at  the  opera¬ 
tor’s  right,  controlling  up-down  movement  of  the  spot,  downward 
movement  of  the  display  should  be  associated  with  clockwise  move¬ 
ment  of  the  control  knob,  and  (b)  for  a  control  knob  on  the  operator’s 
left,  controlling  right-left  movement  of  the  spot,  movement  of  tho  dis¬ 
play  to  the  right  should  be  associated  with  clockwise  movement  of  the 
control  knob. 

2.  In  this  study,  when  the  line  of  movement  of  the  spot  was  parallel 
to  the  axis  of  movement  of  the  control  knobs  there  were  no  significant 
differences  for  any  of  the  relationships. 

3.  The  empirically  best  relationship  when  the  axis  of  control  move¬ 
ment  is  perpendicular  to  a  line  parallel  to  and  below  tho  line  of  move¬ 
ment  of  the  spot  was  significantly  better  than  the  best  relationship 
when  the  axis  of  control  movement,  is  parallel  to  the  line  of  movement 
of  the  spot 


CHAPTER  ELEVEN _ 

Comparative  Interpretability  of 
Two  Methods  of  Presenting 
Information  by  Radar1 

H.  Richard  Vax  Saun 

INTRODUCTION 

The  physical  development  of  radar,  television,  and  other  now  and 
proposed  methods  of  presenting  schematic  or  pictorial  information 
to  bo  utilized  by  human  beings  has  brought  with  it  numerous  psycho¬ 
logical  problems  of  perception,  orientation,  and  reaction.  Some  of 
these  psychological  problems  are  sufficiently  unique  as  to  requiro  spe¬ 
cial  investigation.  The  whole  field  of  electronically  instrumented 
display  is  in  a  state  of  flux,  and  any  experiment,  even  one  on  a  specific 
problem,  is  potentially  of  widespread  application.  The  present  study, 
which  deals  with  a  relatively  specific  problem  of  radar  presentation, 
is  also  of  general  interest  insofar  as  it  throws  light  on  the  perceptual 
problems  facing  the  radar  operator. 

Operational  employment  of  radar  has  been  considered  to  require 
equipment  having  different  attributes  for  various  specific  uses.  As 
a  navigational  aid,  it  has  been  assumed  that  the  radar  scopo  should 
present  a  display  of  as  great  an  area  of  the  terrain  around  the  aircraft 
as  possible.*  The  inclusion  of  azimuth  or  north  stabilization  in  the 
equipment,  causing  the  scope  display  to  be  oriented  with  north  at  the 
top  has  also  been  regarded  ns  a  desirable  characteristic  for  naviga¬ 
tional  use,  inasmuch  ns  such  an  arrangement  enables  the  navigator 
to  transpose  the  radar  display  directly  to  his  conventionally  north- 
oriented  maps.  For  other  special  purposes,  however,  such  ns  the 
use  of  radar  for  bombing,  blind  landing,  or  intensive  terrain  study, 

'Thin  chapter  Is  bnn«l  upon  data  reported  tn  Headquarters  AMC,  Engineering  Division 
Memorandum  Report  N  TSKAA-694-5. 

*  The  Plan  Position  Indicator,  or  PPI  scope,  has  been  primarily  Used  for  navigational 
purposes.  This  scojic  presenta  a  300*  polar  grid  display  of  the  terrain  below  and  Around 
the  aircraft  for  distances  up  to  100  miles.  This  display  resemble*  a  rough  wap  with  land 
areas,  built  up  areas,  and  mountains  appearing  as  successively  brighter  Images  and  water 
areas  appearing  ns  dark  or  empty  spaces. 
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a  restricted  area  is  of  interest  to  the  operator.  This  area,  it  is  pre¬ 
sumed,  should  be  presented  as  large  and  with  ns  much  definition  n3 
the  equipment  is  capable  of  producing.  Moreover,  it  seems  desirable 
for  bombing  and  other  special  purposes  that  the  radar  display  be 
oriented  to  the  heading  of  the  aircraft1  rather  than  north  as  is  the 
ease  for  navigation. 

Radar  installations  for  die  two  jobs,  navigation  and  bombing,  have 
generally  been  designed  in  accordance  with  the  assumptions  expressed 
in  the  previous  paragraph.  The  advent  of  new,  high  speed  bombard¬ 
ment  aircraft,  where  design  characteristics  seriously  limit  the  space 
available  for  personnel  and  thus  require  the  consolidation  of  the 
duties  of  navigator,  radar  operator,  and  bombardier  into  one  job  to  be 
performed  by  one  man,  has  raised  certain  problems  regarding  the  de¬ 
sign  of  the  equipment  to  be  so  used.  Two  such  problems,  broadly  stated, 
are  first,  what  type  of  radar  bombing  presentation  makes  for  the  most 
rapid  and  accurate  identification  of  targets  first  presented  on  the  PPI 
navigation  scope  and  second,  what  is  the  effect  on  the  speed  and  ac¬ 
curacy  of  identifying  targets  when  the  PPI  scope  is  north-stabilized 
and  the  bombing  scope  is  heading-stabilized?  It  is  with  these  two 
problems  that  the  present  study  is  concerned. 

In  attacking  the  problem  of  the  optimal  sector  scope  to  be  used  in 
conjunction  with  the  PPI  scope,  prototypes  of  the  two  basic  display 
systems,  cartesian  grid  and  polar  grid  *  wore  compared  on  the  basis 
of  tho  speed  and  accuracy  with  which  targets  presented  on  the  PPI 
scope  were  recognized  on  the  sector  scopes. 

In  attacking  the  problem  of  tho  effect  on  efficiency  of  shifting  the 
attention  from  a  north-stabilized  PPI  scope  to  a  heading-stabilized 
sector  scope,  a  comparison  wus  made  of  the  speed  and  accuracy  with 

‘  Tli*  radar  scop*  In  air-borne  cpcraJion  la  conventionally  located  with  tlie  face  or  viewing 
screen  In  «  vertical  or  near  vertical  plane.  Tbe  picture  presented  on  the  acope  U  usually 
heading  stabilized.  1.  e.,  atabllltcil  so  that  the  fmlar  Image  of  a  portion  of  the  terrain 
lylnc  directly  ahead  of  the  aircraft  np|*nra  drat  at  the  top  of  the  acop*  and  (disregarding 
the  effect  of  wind)  gradually  j>n**ea  straight  down  ovrr  the  face  of  the  *cop«  and  off 
the  Ixittum  ai  the  aircraft  lllca  over  the  particular  nrca.  Jly  tying  the  radnr  scop*  Into 
the  fluxealr  compass,  however.  It  la  possible  to  rffect  azimuth  or  north  stabilization  which 
chances  the  orientation  of  the  radar  display  no  that  north  I*  always  at  the  top  of  tbe 
»cok,  and  the  radar  Iwace  of  the  terrain  pauses  across  the  face  of  the  scope  In  accordance 
with  the  direction  the  atrcraii  'a  flying.  For  example.  If  the  aircraft  were  flying  du« 
went  the  radar  Image  would  move  across  the  scope  face  fi/om  left  to  right. 

•There  arc  two  fundamental  systems  for  the  presentation  of  radar  Information  such  as  Is 
used  by  (he  bombardier  and  navigator.  These  arc  cnrtrslan-grld  displays  and  polar-grld  dis¬ 
plays.  The  former  presents  a  s.tuare  or  rectangular  picture  wherein  equal  steps  of  angular 
direction  from  the  aircraft  arc  Indicated  by  etpmlly  spaced  |«rnllel  vcrtlcnl  lines  and  equal 
Steps  of  distance  are  Indicated  by  equally  spaced  juirallcl  horizontal  lines.  Tbe  polnr-grld 
display  presents  n  circular  (or  sector  of-a-clrcle  picture)  wherein  rquiil  slrpa  of  angular 
direction  from  the  aircraft  are  Indicated  by  equally  spaced  lines  radiating  from  a  common 
focus  at  the  center  of  tbe  circle  and  equal  step*  of  distance  are  Indicated  by  equally  spaced 
concentric  circle*  whose  centers  are  common  to  the  center  of  the  circle.  Kxaraplrs  of  these 
s)  stems  of  radar  display  are  found  In  this  rrport  as  figures  11. t.  11.2,  and  11.3  for  polar 
grid  and  figure  11.4  for  cartesian  grid. 
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which  simulated  targets  were  recognized  when  the  scopes  had  the 
same  orientation  and  when  the  PPI  scope  was  north-stabilized  and  the 
sector  scope  was  heading-stabilized.  The  practical  significance  of  the 
results  have  immediate  and  important  application  in  the  design  and 
use  of  radar  bombing  scopes. 

METHOD  AND  PROCEDURE 

Inasmuch  as  various  components  of  the  equipment  investigated  in 
this  study  were  hypothetical  or  existed  only  in  the  blueprint  stage  and 
inasmuch  as  a  practical,  proven,  paper-negative  technique  of  producing 
simulated  radar-scope  photographs  had  been  developed  and  utilized 
in  printed  tests  of  radar-operator  proficiency  by  the  Psychological 
Research  Project  (Radar),8  the  study  was  designed  around  a  series 
of  simulated  radar-scope  photos. 

To  obtain  comparable  data  on  the  two  variables  under  investigation, 
200  items,  each  consisting  of  a  PPI  scope  photo  with  a  terrain  feature 
indicated  as  a  target  and  a  sector  scope  photo  with  tho  same  target 
and  a  number  of  misleads  indicated  by  letters,  were  organized  into 
various  sections  and  parts  of  the  test  according  to  the  arrangement 
presented  in  table  11.1. 

Table  11.1. — Composition  of  test  used  tn  evaluating  radar  presentations 

Section  A:  AH  scope  photos  beading-stabilized. 

Part  1 :  CO  Items,  consisting  of  PPI  scope  photos  followed  by  polar-grid  sector 
scope  photos. 

Part  2:  CO  items,  consisting  of  PPI  scope  photos  Identical  to  those  used  In 
part  1,  followed  by  cartesian-grid  sector  scope  photos. 

Section  B:  PPI  scoiks  photos  azimuth-stabilized,  sector  scope  photos  heading- 
stabilized, 

Part  3;  00  Items,  consisting  of  PPI  scope  photos  followed  by  polar  grid  sector 
scope  photos. 

Part  4:  CO  Items,  consisting  of  PPI  scope  photos  Identical  to  those  used  in 
part  3  followed  by  cartcsinn-grid  sector  scope  photos. 

As  indicated  in  table  11.1,  section  A  of  the  test  was  designed  to 
yield  comparative  data  on  the  two  sector  scopes  under  tho  condition 
of  heading  stabilization  of  all  scopes.  Section  B  was  designed  to  yield 
similar  data  under  the  condition  of  azimuth  stabilization  of  tho  PPI 
scopes  and  heading  stabilization  of  the  sector  scopes. 

The  preparation  of  tho  scopo  photos  to  fulfill  the  requirements  set 
up  in  tho  test  organization  was  accomplished  as  described  in  the  follow¬ 
ing  paragraphs. 

Seventy-five  basic  paper  negatives  for  the  photos  were  prepared, 
25  each  for  the  PPI  scope  photos,  polar-grid  sector  scope  photos,  and 

•Cook,  S.  W-,  M.  r*ychott>ytc>it  Urseorrh  ©i*  Iiminr  Ot>»rrrrr  Training,  AAV  AvUtlon 
Psychology  Program  RcHrarcb  Itiport*.  No.  1'.*.  Washington :  Government  Printing  Offlc*. 
2947.  Ch.  5. 
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cartesian-grid  sector  scope  photos.  The  size  of  each  type  of  negative 
was  dictated  by  the  useful  area  of  a  5-inch  oscilloscope  tube  face. 
Thus  the  PPI  scope  photo  negatives  were  P/j  inches  in  diameter,  the 
cartesian-grid  sector  scope  photo  negatives  were  squares  measuring 
3%6  inches  on  a  side  and  the  polar-grid  sector  scope  photo  negatives 
were  GO0  sectors  of  circles  measuring  4!/2  inches  in  tho  greatest 
dimension. 

Tho  outlines  of  terrain  features  were  drawn  on  the  PPI  negatives 
and  shaded  to  simulate  scope  photo  negat  ivos.  (To  produce  the  bright 
areas  of  the  photo,  areas  wero  darkened  on  tho  negative.)  The  sector 
scope  negatives  were  prepared  in  the  same  way,  reproducing  a  60° 
sector  of  the  PPI  negative.  Range  marks6  and  heading  markers7 
wero  added  to  tho  negatives  by  drawing  suitable  circles,  arcs,  and 
vertical  and  horizontal  lines.  (See  figs.  11.1,  11.2,  11.3,  and  11.4  for 
examples  of  heading  markers  and  range  marks.) 

In  preparing  tho  contact  prints  from  the  PPI  negatives,  a  film-trans¬ 
parency  azimuth  stencil  was  used  to  give  the  prints  an  azimuth  scale, 
and  a  small  triangular  piece  of  black  paper  was  used  as  an  arrow  to 
indicate  targets.  By  varying  the  azimuth  scale  and  the  arrow,  each 
of  the  PPI  negatives  was  made  to  yield  two  sets  of  four  different 
problem-presenting  photos,  to  fulfill  the  test  organization  requirement 
set  up  in  table  11.1. 

Prior  to  printing  the  sector  scope  photos,  the  relevant  PPI  prints 
wero  examined  to  enable  tho  exact  designation  of  the  target  on  the 
sector  scope  photos.  The  targets  wero  designated  on  the  sector  scope 
negatives  by  letters.  In  tho  case  of  tho  polar-grid  scopes,  tho  letter 
was  one  of  the  series  from  A  to  J  inclusive.  In  the  case  of  the 
cartesian-grid  scopes,  tho  letter  was  one  of  the  series  from  Q  to  Z 
inclusive.  Tho  letters  used  to  designate  targets  were  selected  at  ran¬ 
dom  from  within  the  letter  scries.  Misleads,  usually  nine  in  number, 
wero  ulso  lettered  on  tho  negatives,  utilizing  tho  remaining  letters  of 
each  respective  scries.  Tho  same  terrain  features  were  indicated  as 
misleads  on  both  comparable  sector  scope  photos.  The  order  of  the 
letters  was  randomized.  Sinco  all  sector  scope  photos  wero  to  be 
heading-stabilized  according  to  the  test  organization,  four  prints  of 
each  negative  were  made  with  the  proper  azimuth  scale.  Figures 
11.1,  11.2,  11.3,  and  11.4  illustrate  the  four  types  of  simulated  scope 
photos  used  in  the  study. 

'  Itango  mark*  may  be  caused  to  appear  on  tbe  scope  faces  as  equidistant  bright  circles, 
arcs,  or  Hues,  depending  on  the  typo  of  scope.  They  are  used  to  measure  distances  of  ter¬ 
rain  features  from  tbe  aircraft. 

'  A  beading  marker  may  be  caused  to  appear  on  the  hcoik;  as  a  bright  line  extending  from 
the  position  of  the  aircraft  to  the  axlmuth  scale  It  Indicates  the  longitudinal  axis  of  the 
aircraft  when  tho  scope  Is  heading-stabilized  and,  In  the  case  of  PPI  scopes,  It  Indicates  tbe 
direction  tbe  aircraft  Is  flying  wben  tbe  scope  Is  azimuth-  or  north-stabilized. 
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Fusnitt  11.1. — Simulated  1*1*1  scope  photo,  heading-stabilized.  This  is  nu  cx- 
ample  of  the  problem-presenting  photos  used  in  the  test.  A  target  is  indi¬ 
cated  by  a  triangular  arrow  at  about  3.V1  degrees,  approximately  one  ami  a 
half  range  marks  from  the  center  of  the  display.  (The  bright  area  in  the 
center  of  the  picture  is  caused,  in  actual  operation,  bv  strong  echoes  from  the 
area  beneath  the  aircraft.  It  can  lx1  nearly  eliminated  by  projier  set  operation 
and  function.) 


Fluent:  11.2. — Simulated  1*1*1  scojm*  photo,  azimuth-stabilized.  This  is  also  a 
problem-presenting  photo.  It  presents  the  same  terrain  as  figure  11.1,  but 
Indicates  how  the  radar  display  would  appear  if  the  radar  set  were  azimuth- 
stabilized  and  the  aircraft  heading  were  108  degrees.  Note  that  the  heading 
marker  taunts  to  this  value. 
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I'lcutK  11.3. — Simulated  polar-grid  sector  scope  photo,  li(*n<liiu;~>t abili/t*il.  This 
photo  presents  tv  polar-grid  sector  of  the  di-plav  presented  in  futures  11.1  and 
11.2.  The  sector  is  GO'  with-  tuttl  is  bi-cctcd  hv  tin*  heading  marker.  Note 
that  tiic  terrain  features  are  enlarged.  The  letter  “A"  indicates  the  terrain 
feature  corresponding  to  the  target  presented  in  the  previous  pictures.  In  the 
test,  heading-stabilized  sector  scope  pictures  were  Used  with  both  heading*  and 
azimuth-stabilized  1*1*1  scope  photos. 
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Kjcuo:  11.1. — Simulated  cartesian-grid  sector  scope  photo,  heading-stabilized. 
This  photo  presents  a  carte-iuii-urid  display  of  a  sector  of  the  photos  in  figures 
11.1  and  11.2.  As  indicated  bv  the  azimuth  scale  and  range  marks,  the  area 
represented  in  this  photo  is  the  same  as  that  in  figure  11.3.  The  heading 
marker  bisects  the  displav.  Note  that  the  terrain  features  are  enlarged  and 
distorted  horizontally.  {In  this  type  of  display  the  azimuth  scale  is  at  the 
bottom;  the  heading  of  the  aircraft  is  still  toward  the  top  of  the  picture, 
however.  This  discrepancy  in  the  location  of  azimuth  scales  was  dictated  i>v 
the  differences  in  actual  set  installations.)  The  letter  “H”  indicates  the  ter¬ 
rain  feature  corresponding  to  the  target  presented  in  figures  11.1  and  11.2. 
Note  that  the  misleads  on  this  photo  correspond  to  those  in  figure  11.3. 
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The  photos  were  then  assembled  into  the  proper  pairs,  PPI  scope 
followed  by  sector  scope,  roughly  ordered  according  to  difficulty,  and 
inserted  in  loose-leaf  binders.  Each  pair  of  photos  constituting  an 
item  was  inserted  so  that  the  PPI,  problem-presenting  photo  was  on 
the  right-hand  page,  followed  by  the  sector  photo  on  the  left-hand 
page,  so  that  it  was  impossible  to  view  them  simultaneously.  The 
PPI  photos  in  each  of  the  four  parts  of  the  test  presented  the  same 
target,  item  for  item.  Furthermore,  each  test  part  was  divided  into 
halves  to  enable  the  computation  of  measures  of  test  reliability.  The 
terrain  of  each  item  in  the  second  half  of  each  test  part  matched  that 
of  the  first  half,  item  for  item,  except  that  a  different  target  was  indi¬ 
cated  in  the  items  in  the  second  half. 

The  test  was  administered  in  two  sessions  to  4  groups  of  12  pilots 
each  according  to  the  schedule  presented  in  table  11.2.* 


Table  11.2. — Test  administration  schedule 
FIRST  SESSION 


Group 

i 

II 

Ill 

IV 

Ttot 

component  order  . . 

/Fart  1 . 

Part  2 . . 

Part  S . 

Part  4. 

Part*. 

tPart  1 . 

Part  t . 

Tart  4 . 

SECOND  8ESSION 


Teat 

/Parts . 

Part  4 . 

P*H  1 . 

Parti 

component  order. . 

\Part  4 . 

Parts . 

Part  S . 

rartt. 

i 

Part  1:  ncadlnr-jtabtlliod  PPI  scope  to  hcodlnR-stnbUlwd  pclar-crld  sector  scop*. 

Part  2:  HcadlnR-stablllted  PPI  scopo  to  hcadlnR-stabUiit'd  cartesian  arid  sector  scop*. 

Pert  3:  Arlmuth-stablllted  PPI  scopo  to  bcadioR-stitbUltcd  polw-frld  sector  scop*. 

Pert  t:  Atlmuth-elablUicd  PPI  scope  to  bisullng-stebllljod  cartesian -grid  sector  scop*. 

In  general,  because  of  administrative  convenience,  tlio  two  testing 
sessions  were  separated  by  24  hours.  A  few  random  subjects,  however, 
were  administered  the  test  with  a  shorter  intervening  period  between 
the  sessions,  and  one  subject  with  a  longer  intervening  period  between 
sessions.  In  every  case,  however,  there  was  some  intervening  activity, 
if  only  a  short  break  for  a  cigarette.  Inspection  of  the  data  for  these 
subjects  did  not  indicate  any  material  deviation  from  the  general 
configuration  of  answers. 

Each  part  of  the  test  was  administered  with  a  10-minutc  time  limit. 
At  the  end  of  5  minutes  the  subject  was  started  on  the  second  half  of 
the  items  even  though  ho  had  not  finished  the  items  in  the  first  half. 

Prior  to  the  first  testing  session,  subjects,  predominantly  without 
radar  experience,  were  given  extensive  standardized  instruction  in 
which  a  sample  PPI  scope  photo  and  both  types  of  sector  scope  photos 
were  employed.  Both  speed  and  accuracy  were  stressed  ns  being  im¬ 
portant  in  locating  the  targets  on  the  sector  scopes. 

*  MU*  Sully  Ilcdworth  asulstrd  In  admlulatcrlng  (be  t<**U  »nJ  computing  the  ftatUtlca  la 
the  ntudy.  Mr*.  Sue  DIkkIcc  aiilatcd  In  the  preparation  of  the  tcope  photo  negative*. 
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The  procedure  followed  in  taking  the  test,  and  so  outlined  in  the 
instructions,  was  for  the  subject  to  study  the  PPI  scope  photo  until 
he  had  the  size,  shape,  and  location  of  the  target  well  in  mind  and 
then  turn  to  the  sector  scope  photo  and  select  the  letter  most  nearly 
indicating  the  terrain  feature  he  believed  was  the  target.  Ho  then 
printed  the  letter  on  his  answer  sheet  opposite  the  number  of  the 
item  and  proceeded  immediately  with  the  next  item.  He  was  not 
allowed  to  turn  back  to  the  PPI  photo. 

RESULTS 

The  results  of  administering  this  material  to  the  48  pilots  were 
analyzed  in  terms  of  the  number  of  targets  correctly  recognized  on 
the  sector  scopes  and  in  terms  of  the  number  of  errors  in  target  recogni¬ 
tion  within  the  time  limits  of  each  part  of  the  test.  Tables  11.3  and  11.4 
present  the  results  of  the  test  administration.  Figure  11.5  is  a  series  of 
bar  graphs  summarizing  the  pertinent  differences  in  performance 
with  the  two  sector  scopes. 


Tabu:  11.3. — Means,  standard  deviations,  and  tlgnlflcanec  of  differences  between 
the  sector  scopes  in  terms  of  the  average  number  of  targets  corrcctlg  recog' 
ntzrd  and  the  average  number  of  errors  tn  target  recognition 
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14.70 

5.07 

S80 

}  0.04 

*  3.02 

PPI  soojicj  aslmuth-stablllscd:  sector  scoiws  heading-! 

Mean  number 
of  targets 
correctly 
recognised 

8D 

SKeni 

CR 

17.81 
IS.  07 

8.44 

8.94 

}  0.03 

*  2.23 

Mean  number 
ot  errors 

| 

13.40 

14.21 

M0 

ISO 

}  0.78 

0.04 
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Taiii-k  11.4. — Venn*,  standard  deviation •«,  and  significance  0/  differences  bet  teem 
sector  scope*  under  conditions  of  azimuth  stabilization  of  ppf  scopes  and 
heading  stabilization  of  PPl  scope* 


lVlar-OrM  sector  scojvp 


rn  Scope* 

Mean  number 
of  turrets 
correctly 
recognised 

SI) 

SKsof 

CR 

r 

25. 75 

K.W 

}  1.27 

•  8  25 

.48 

17.  Ht 

8.44 

Mean  number 
of  errors 

Heading  stabilised. . 

11.54 
13.  48 

5.07 

816 

}  .78 

1 153 

.57 

Cartesian-grid  sector  scope 

Mean  number 
Cf  t arrets 
correctly 
recognised 

81> 

SK*/ 

cr 

f 

22.  TO 

889 

15.87 

894 

Mean  number 
of  error* 

14.79 

3.M 

».7» 

Al 

14.21 

850 

[ _ 1 

Sector  sco|>e  data  combined 

Mean  number 
of  targets 
correctly 
recognised 

81) 

BK«r 

CR 

t 

r 

48.44 

15  61 

J  279 

1  536 

33.48 

18  07 

| 

i 

Mean  number 
of  errors 

1 

28.33 

9.97 

}  1.37 

.91 

.61 

27.67 

11. 47 

!  fiViwnshuVi*  wfih  other  result,  more  errors  helnr  miwle  utwh-r  wnilltloM  o{ l,h.® 

being  heailiiiE*stnbillted  than  under  conditions  of  the  I’M  scope  being  ailmuth-stabUUed.  However,  tb# 
proportion  of  errors  Is  much  less  for  tho  headlng-stablllied  condition. 
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CONDITION  At  PPI  AID  SECTOR  SCOPES  HEADINQ  STABILIZED 


TYPE  OP 
SECTOR  SCOPE 


CARTESIAN 


AVERAGE  NUMBER  0*  CORRECT  ANSWER* 


AVERAGE  NUMBER  Of  ERROR* 


CAAttSIAA 


CONDITION  Bt  PPI  SCOPES  AZMUTH  STABILIZED  -  SECTOR  SCOPES 

HEADING  STABILIZED 


CARTCSI  AN 


CARTESIAN 


AVERAGE  number  or  correct  answer* 


AVERAGE  NUMIER  Of  ERROR* 


SECTOR  SCOPE  DATA  OP  OOHDITION  A  COUPAFED  TO  THAT  OP  CONDITION  B 


CONDITIO.')  • 


AVERAGE  NUMBER  OR  CORRECT  ANSWER* 


CONDITION  A  IK  _ 


average  numIER  9R  ERRORS 


CONDITION  A 
CONDITION  • 


Ficuhk  11.5. — Graphic  presentation  of  the  results  of  the  sector  scope  comparisons. 

First-half  versus  second-half  test  reliabilities  were  computed  in 
terms  of  thenumber  of  targets  correctly  recognized  and  in  terms  of 
the  number  of  errors  in  target  recognition  for  each  of  the  four  parts  of 
the  test.  Thcso  relationships  are  shown  in  tablo  11.5. 


\2'V  — 


Tabu;  11.3 — Reliabilities  of  the  different  parti  of  the  teal 


Section  A:  All  scopes  heading-stabilized: 

cO  Uptu-kalf)  S 

Part  1:  Polnr-grld  sector  scope: 

Targets  correctly  recognized _ 0.00 

Errors  In  target  recognition _  .CO 

Part  2:  Cartesian-grid  sector  scope: 

Targets  correctly  recognized _  .82 

Errors  In  target  recognition _  .70 

.  Section  B :  PPI  scopes  azimuth-stabilized ;  sector  scopes  heading-stabilized : 

Part  3:  Polar-grid  sector  scope: 

Targets  correctly  recognized—. _  .87 

Errors  in  target  recognition _  .77 

Part  4:  Cartesian-grid  sector  scope: 

Targets  correctly  recognized _  .83 

Errors  in  target  recognition _  .81 

*  Corrected  by  Spearman-Brown  formula. 


Learning  curves  were  prepared  in  terms  of  the  average  number  of 
targets  correctly  recognized  and  in  terms  of  the  average  number  of 
errors  in  target  recognition.  These  averages  were  computed  from  all 
the  data  on  the  basis  of  the  order  in  which  the  material  was  presented 
to  the  subjects,  thus  counterbalancing  the  relative  difficulty  of  the 
different  parts  of  the  test.  The  curves  arc  shown  in  figuro  11.6, 

DISCUSSION 

Tho  results  of  the  analysis  of  the  number  of  targets  correctly  recog¬ 
nized  and  the  number  of  errors  in  target  recognition  presented  in  tables 
11.3  and  11.4  definitely  indicate  that  in  terms  of  tho  number  of 
targets  correctly  recognized  the  polar-grid  sector  scope  is  superior 
to  the  cartesian-grid  sector  scope,  both  when  the  PPI  scope  and  the 
sector  scope  have  the  same  orientation  (both  scopes  heading-stabilized) 
and  when  tho  scopes  are  differently  oriented  (PPI  scopo  azimuth- 
stabilized  and  sector  scopo  heading-stabilized).  One  of  tho  critical 
ratios  between  tho  means  for  this  factor  is  significant  at  tho  1-pcrccnt 
level  and  the  other  is  significant  at  better  than  tho  5-pcrcent  level. 

Tho  data  concerning  the  number  of  errors  in  target  recognition  are 
not  as  clear  cut  as  are  those  for  the  number  of  targets  correctly  recog¬ 
nized.  Only  tho  critical  ratio  between  tho  mean  number  of  errors 
when  the  sector  scopes  and  PPI  scopes  have  tho  same  orientation  is 
significant  (1-percent  level).  The  general  pattern  of  critical  ratios 
for  error  scores  on-  this  variable,  however,  are  all  in  the  same  direction 
and  the  actual  proportion  of  errors  is  considerably  smaller.  -These 
facts  tend  to  support  tho  superior  intcrprctability  of  tho  polar-grid 
sector  scopo. 

It  is  believed  that  the  superior  performance  exhibited  with  tho  polar- 
grid  display  is  due  to  tho  fact  that  it  expands  the  imago  of  tho  terrain 
proportionately  in  all  directions  thus  retaining  the  original  configura- 


— —  AVERAGE  ‘NUM6ER  or  targets  correctly  recognized. 

— AVERAGE  NUMBER  or  TARGET  RECOGNITION  errors 

Kioure  H.G.— Graphic  presentation  of  the  change  in  performance  with  learning. 

tion,  whereas  the  seemingly  advantageous  horizontal  expansion  of  the 
cartesian-grid  display  results  in  a  distorted  image  that  sufficiently 
masks  the  original  configuration  of  terrain  features  so  as  to  make 
them  difficult  to  recognize. 

The  data  concerning  the  effect  of  PPI  scope  orientation  on  sector 
scope  interpretability  presents  a  picture  similar  to  that  discussed  in  the 
previous  paragraphs.  Table  11.4  shows  that,  in  terms  of  the  number 
of  targets  correctly  recognized,  the  situation  wherein  both  PPI  and 
sector  scopes  have  like  orientation  (both  scopes  heading-stabilized) 
is  far  superior  to  the  situation  where  the  scopes  are  differently  oriented 
(PPI  scope  uzimuth-stabilized  and  sector  scope  heading-stabilized). 
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More  targets  were  correctly  recognized  in  the  former  situation  on  both 
types  of  sector  scopes,  the  critical  ratios  all  being  significant  at  the 
1 -percent  level. 

The  error  scores  are  again  less  informative,  only  the  critical  ratio 
between  the  mean  number  of  errors  on  the  polar-grid  scope  showing  a 
significant  difference  ( 1-percent  level)  between  the  two  conditions.  In 
the  other  situation,  concerning  the  cartesian-grid  sector  scope,  fewer 
errors  were  made  when*  the  PPI  and  sector  scopes  were  differently 
oriented.  Other  than  this  instance,  however,  the  data  tend  to  support 
the  superiority  of  performance  when  both  PPI  scope  and  sector 
scope  are  heading-stabilized. 

The  superior  performance  demonstrated  with  displays  having  iden¬ 
tical  orientation  is  to  be  expected,  inasmuch  as  the  change  in*  orienta¬ 
tion  of  the  sector  scope,  manifest  when  it  is  heading  stabilized  and 
when  the  PPI  scope  is  azimuth  stabilized,  adds  but  another  confusing 
factor  to  the  altered  figure-ground  relationship  inherent  in  the  prob¬ 
lem  of  shifting  the  attention  from  one  scope  to  the  other. 

The  reliability  coefficients  presented  in  table  11.5  indicate  adequate 
test  reliability.  The  learning  curves  presented  in  figure  11.6  indicato 
that  a  relatively  large  amount  of  learning  took  place  during  the  test 
administration,  the  proportion  of  errors  materially  decreasing  ns  test¬ 
ing  progressed.  The  presence  of  learning  suggests  that  the  test  might 
well  bo  readministered  to  a  group  of  experienced  radar  operators  to 
check  the  results.  Inasmuch  as  the  effects  of  learning  were  counter¬ 
balanced  by  the  order  of  administration  *  (see  table  11.2) ,  it  is  doubtful 
if  such  a  readministration  of  the  test  would  materially  affect  tho  re¬ 
sults  of  tho  present  study. 

Possible  future  research,  in  addition  to  the  rcadministration  of  tho 
present  test  to  experienced  radar  operators  discussed  in  tho  previous 
paragraph,  might  profitably  be  directed  toward  investigating  the 
effect  that  simultaneous  presentation  of  the  PPI  and  sector  displays 
would  have  on  the  relative  interpretability  of  the  two  types  of  sector 
scopes. 

Another  profitable  avenue  of  future  research  might  be  an  investiga¬ 
tion  of  the  effect  memory -point  markers  would  have  on  the  relative 
interpretability  of  tho  two  types  of  sector  scopes.  Memory-point 
markers,  us  proposed,  consist  of  some  indication  such  as  bright  cross 
hail's,  which  may  be  caused  electronically  to  appear  on  a  target  in  the 
PPI  display  and  maintain  their  relative  location  when  the  scopo  is 
converted  to  a  sector  presentation,  or  appear  simultaneously  on  a  sepa¬ 
rate  sector  presentation. 

*  In  combining  thn  Jala  for  the  various  parts  of  tbe  test  It  was  nssurue.1  In  one  case  that 
taking  parts  l  anil  2,  In  that  order,  was  equivalent  to  taking  the  parts  In  the  order  2  and  1. 
The  same  assumption  was  made  In  another  caau  concerning  the  experience  value  of  parta  3 
and  1  as  compares!  to  that  of  parta  4  and  3. 
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Furthermore,  it  would  be  very  desirable  to  repeat  the  present  study 
and  to  conduct  additional  investigations  with  dynamic  display,  i.  e., 
displays  more  closely  simulating  actual  operation  by  changing  in 
relation  to  the  aircraft’s  movement  over  the  terrain.  Such  investiga¬ 
tions  would  provide  a  criterion  for  the  methodology  of  using  static 
scope  photos  in  studies  of  this  type  and  would  make  possible  the  study 
of  dynamic  factors  of  scope  interpretation  per  ae. 

SUMMARY 

A  test  of  200  items,  each  consisting  of  a  simulated  PPI  scope  photo 
and  a  simulaed  sector  scope  photo,  was  administered  to  48  pilots  in  an 
effort  to  establish  (1)  the  relative  superior  interpretability  of  one  of 
two  types  of  sector  scopes,  a  polar-grid  sector  scope  and  a  cartesian- 
grid  sector  scope,  and  (2)  the  effect  on  sector  scope  interpretability  of 
like  orientation  of  the  PPI  and  sector  scopes  compared  to  unlike 
orientation  of  the  scopes. 

The  results  of  the  administration  support  the  following  conclusions: 

1.  The  polar-grid  sector  scope  is  superior  in  interpretability  to  the 
cartesian-grid  sector  scope  in  terms  of  the  average  number  of  targets 
correctly  recognized  on  the  sector  scopes. 

2.  Both  sector  scopes  are  more  easily  interpreted  when  the  PPI 
scope  and  sector  scopes  have  the  same  orientation  in  terms  of  the 
average  number  of  targets  correctly  recognized  on  the  sector  scopes. 


CHAPTER  TWELVE _ 

A  Psychophysical  Investigation  of 
Ability  to  Reproduce  Pressures' 

William  0.  Jenkins 


INTRODUCTION 

The  present  scries  of  studies  are  concerned  with  the  accuracy  with 
which  pressures  can  bo  reproduced  or  discriminated  on  aircraft-type 
controls  in  a  laboratory  situation.  The  problem  is  of  interest  both 
for  the  theoretical  aspect  of  the  operation  of  Weber’s  Law  in  pressure 
discrimination,  and  for  the  design  of  control  mechanisms  which  in¬ 
volve  the  pressure  cue,  particularly  pilot  controls  in  aircraft. 

The  execution  of  maneuvers  in  an  aircraft  requires  the  pilot  to  learn 
and  to  apply  varying  degrees  of  control  pressure  in  various  directions. 
Introduction  of  booster  systems  into  aircraft  control  mechanisms  re¬ 
duces  the  absolute  amount  of  pressure  which  needs  to  be  applied. 
The  practical  question  arises  whether  these  reduced  pressures  result 
in  a  greater  or  lesser  degree  of  variability  and  error  in  control  opera¬ 
tion  by  the  pilot 

It  is  widely  reported  by  pilots  that  “feel  of  controls”  is  a  basic  cue 
in  flying.  It  appears  reasonable  to  assume  that  accuracy  in  discrimin¬ 
ating  pressures  is  an  important  element  of  “feel  of  controls.”  A  de¬ 
sirable  aim  in  the  designing  of  control  systems  is  to  achieve  that  “feel 
of  controls”  which  will  yield  most  accurntc  performance.  From  the 
engineering  standpoint  the  problem  becomes  one  of  maximizing  “feci 
of  controls”  according  to  the  criterion  of  accuracy  of  human  operation. 
From  a  behavioral  point  of  view  the  question  concerns  the  operation 
of  Weber's  Law  over  a  wide  range  of  pressure;  that  is,  the  determina¬ 
tion  of  the  relative  and  absolute  accuracy  of  discrimination  or  repro¬ 
duction  of  pressures  applied  by  the  hand  or  foot  in  different  directions. 

Tho  limitations  of  generalizing  the  results  of  a  laboratory  experi¬ 
ment  of  this  kind  to  actual  conditions  of  flight  arc  recognized.  A 
number  of  cues  which  are  probably  used  by  the  pilot  in  controlling  tho 

•This  chapter  Is  based  upon  research  flndlnsr*  reported  In  Headquarters  AMC,  Enelneec- 
In*  Division  Memorandum  Reports  Nos.  TSKAA-C94-3,  TSKAA-09I-3A,  snd  TSBAA- 
6M-3B. 


aircraft  in  the  latter  situation  are  absent  in  the  former.  These  cues 
include  extent  and  rate  of  control  movement,  and  visual  and  auditory 
stimuli.  On  the  other  hand,  the  laboratory  situation  permits  the  iso¬ 
lation  and  control  of  the  variable  under  examination  whereas  at  this 
stage  these  possibilities  do  not  exist  in  {light.  Research  should  be 
undertaken  on  the  other  variables  alone  and  in  combination  with  the 
one  studied  here  before  design  principles  for  practical  use  arc  made 
available  to  engineers  (see  ch.  II  for  a  treatment  of  a  number  of 
variables  basic  to  the  motor  side  of  equipment  design). 

A  vast  amount  of  data  has  been  accumulated  in  psychophysical 
studies  of  human  capacities  for  discrimination  (5,  12).  While  con¬ 
siderable  information  has  been  gathered  in  related  fields,  namely 
weight  discrimination  and  discrimination  of  pressures  applied  to  body 
surfaces,  there  do  not  appear  to  be  any  studies  directly  concerned  with 
the  problem  of  pressure  discrimination  in  the  present  sense  and  the 
application  of  Weber’s  Law  in  this  area.  Several  studies  (3,  6,  7) 
have  been  concerned  with  the  problem  of  the  maximum  force  excrtable 
on  hand  and  foot  controls.  The  findings  arc  summarized  in  chapter  3. 

In  u  study  related  to  the  present  one,  Hick  (8)  investigated  the  pre¬ 
cision  with  which  small  increments  or  decrements  could  bo  made  to 
relatively  constant  basic  muscular  forces  in  a  nearly  isometric  situa¬ 
tion.  Subjects  were  required  to  push  or  pull  a  hand  control  against 
basic  forces  ranging  up  to  5  pounds.  With  a  basic  force  of  4  pounds 
a  constant  error  in  the  direction  of  overshooting  was  found  of  the 
order  of  5  to  15  percent.  The  overshooting  was  most  marked  when  the 
subject  was  letting  off  force,  particularly  when  relaxing  from  a  steady 
pull.  The  standard  deviation  appeared  to  bo  independent  of  the  basic 
forco  within  plus  or  minus  3  percent,  but  an  examination  of  Hick’s 
data  indicates  that  the  Weber  Fraction  was  not  constant  throughout 
tlie  small  range  of  standard  values  employed. 

The  studies  reported  below  wero  concerned  with  the  accuracy  with 
which  pilots  and  nonpilots  could  reproduce  pressures  ranging  from  1 
to  GO  pounds  on  a  stick-type  control,  a  wheel-type  control,  and  rudder* 
pedal-type  controls. 

APPARATUS  AND  PROCEDURE 

The  first  study  dealt  with  accuracy  of  pressure  reproduction  with  a 
stick-typo  control.  Preliminary  testing  indicated  that  a  hydraulic 
system  was  inadequate  for  use  in  the  study  because  of  friction  and  lag 
and  because  the  cue  of  extent  of  movement  was  not  minimized.  It  was 
also  found  that  sufficiently  sensitive  equipment  was  not  immediately 
available  to  record  through  strain  gages  changes  in  resistance  induced 
by  application  of  pressure  to  the  handle  of  a  semirigid  stick. 
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The  method5  found  acceptable  for  use  was  nn  optical  system  in 
which  a  semirigid  steel  control  stick,  one  half  inch  square,  was 
mounted  as  shown  in  figure  12.1.  The  stick  was  welded  to  a  plate 
which,  in  turn,  was  bolted  to  a  reinforced  stand.  Pressures  applied 
to  the  handle  of  the  control  stick  resulted  in  slight  movements  which 
were  transmitted  over  two  cables,  one  for  lateral  and  one  for  longitudi¬ 
nal  action,  to  a  mirror  pivoted  for  movement  in  both  dimensions. 


FitiUKE  12.1.— Sketch  of  the  apparatus  employed  In  a  psychophysical  study  of 
ability  to  reproduce  pressures  on  a  stick  control. 


These  cables  worked  against  two  springs  which  were  connected  from 
the  mirror  to  its  mounting.  A  light  beam  from  nn  adjustable  gal¬ 
vanometer  lamp  was  projected  onto  the  mirror  and  refiectcd  from  it 
to  a  screen.  This  indicating  system  was  approximately  isometric  in 
nature  with  %-inch  of  movement  resulting  at  the  stick  handle  when  a 
pressure  of  50  pounds  was  applied. 

The  screen  was  calibrated  directly  in  pounds  by  means  of  weights 
placed  in  a  pan  which  was  attached  to  the  handle  of  the  stick  by  a  cable 
passing  over  a  pulley.  The  reliabilities  of  the  calibration  and  of  tho 
recording  procedure  were  found  to  be  satisfactory. 

The  indicating  systems  employed  in  the  studies  of  performance  with 
wheel-type  and  rudder-pedal-type  controls  were  essentially  similar  to 
that  described  above.  In  the  first  case  an  aircraft  wheel  was  welded 
to  the  same  semirigid  shaft  employed  with  the  stick.  The  shaft  was 

*  The  old  of  J.  R.  Brick.  M.  B.  Allenxteln,  and  A.  IVpItonc  In  dcalKnlni;  and  cnoatructln* 
tlila  apparntua  la  Knit  “fully  acknowlcdKcd.  The  hydraulic  ayatem  In  the  preliminary  la* 
vcKtlfatlon  waa  do-Iynnl  by  J.  R.  Brick  and  the  at  tidy  waa  carried  out  by  A.  IVpltone. 
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welded  to  a  plato  which  was  rigidly  fixed  in  a  metal  framework  in 
such  a  manner  that  the  shaft  was  parallel  to  the  floor  and  the  wheel 
could  be  operated  with  both  hands  for  aileron  (right-left)  action. 
The  shaft  turned  in  a  ball  bearing  pressed  into  a  block  of  wood  bolted 
to  the  floor  of  the  apparatus.  The  torque  efTect  about  the  shaft  was 
measured. 

In  the  study  involving  the  rudder  pedals  a  rigid  1-inch  bar  of  steel 
was  welded  at  right  angles  to  a  %-inch  steel  shaft  which,  in  turn,  was 
welded  to  a  plate.  The  plato  was  bolted  to  the  floor  of  the  apparatus. 
Corrugated  metal  pedals  were  welded  to  the  ends  of  the  bar.  The 
torque  around  the  %-inch  steel  shaft  was  measured.  This  apparatus 
was  less  sensitive  than  the  apparatuses  employed  in  the  other  studies, 
moving  only  %-inch  for  GO  pounds  pressure  applied  to  one  of  the 
pedals.  The  units  of  the  calibrated  scale  were  not  as  fine,  being  in 
1-pound  units  ns  compared  with  %-pound  units  in  the  other  studies. 

In  determining  the  position  of  the  scat  relative  to  the  controls  and 
(lie  height  of  the  control  anthropological  principles  of  cockpit  seating 
wero  followed  (10). 

An  Army  Air  Forces  specification  (1)  sets  forth  the  maximum  and 
minimum  desirable  pressure  limits  in  aircraft  control  mechanisms. 
In  the  present  investigation  the  range  of  standard  pressures  employed 
went  below  the  prescribed  lower  limit,  and  in  most  cases  approximated 
the  upper  limit.  The  only  major  discrepancy  was  in  the  case  of  the 
rudder  pedals,  where  the  upper  limit  was  GO  pounds  as  compared  with 
the  specified  value  of  180  pounds. 

The  standard  pressures  employed  in  the  case  of  the  stick  were,  for 
fore-and-aft  action,  1, 5, 10, 20,  and  40  pounds;  for  lateral  action,  they 
were  1,  5, 10,  20,  and  30  pounds.  Subjects  had  considerable  difficulty 
attaining  pressures  of  40  pounds  laterally,  so  that  30  pounds  was  made 
the  upper  limit  for  botli  right  and  left  action.  The  corresponding 
values  for  performance  with  the  wheel  operated  with  both  hands  to 
the  right  and  left  were  1, 5,  10, 20, 30,  and  40  pounds ;  with  the  rudder 
pedals  worked  separately  with  each  foot,  they  wero  5,  10,  20,  40,  and 
GO  pounds.  In  the  latter  case  it  was  found  that  merely  resting  the  foot 
on  the  pedal  caused  a  deflection  of  the  light  beam  beyond  5  pounds,  so 
that  1  pound  was  employed  with  only  a  few  subjects  for  exploratory 
purposes.  There  were,  of  course,  only  2  directions  of  control  operation 
for  the  wheel  and  rudder  pedals  in  these  studies. 

The  order  in  which  tire  various  combinations  of  pressures  and  direc¬ 
tions  were  presented  to  the  subjects  was  randomized.  A  few  adjust¬ 
ments  wore  made  in  the  orders  so  that  sufficient  information  could  bo 
collected  concerning  the  efTect  of  a  preceding  trial  at  a  high  pressure 
on  a  succeeding  trial  at  a  low  pressure,  and  vice  versa. 

The  procedure  was  as  follows.  Each  subject  was  strapped  in  the 
cockpit  seat,  which  was  adjusted  until  he  reported  he  was  comfortable. 
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He  listened  to  the  instructions  explaining  the  purpose  and  procedure 
of  the  experiment  and  then  put  on  n  pair  of  blackcd-out  goggles.  For 
the  first  test,  with  a  particular  pressure  and  direction  of  control  opera¬ 
tion,  tlio  subject  was  given  practice  trials  until  he  was  approximating 
the  desired  pressure.  During  these  trials,  he  gradually  applied  pres¬ 
sure  and  was  told  when  he  had  attained  the  specified  value.  The  prac¬ 
tice  trials  were  not  scored.  The  practice  session  was  followed  by  20 
successive  test  trials  (15  in  the  case  of  the  wheel  and  rudder  pedals) 
for  the  same  pressure  and  direction.  During  these  trials  the  subject 
applied  pressure  gradually  out  to  the  point  that  he  thought  was  the 
desired  value  and  then  returned  the  control  to  the  zero  position.  Ho 
was  told  the  pressure  he  had  attained  at  th<?  end  of  each  successive 
trial.  The  same  practice  and  test  procedure  was  employed  for  the 
other  pressures  and  directions. 

It  will  bo  noted  that  the  technique  is  the  psychophysical  “Method  of 
Average  Error.”  One  modification  was  introduced  which  consisted  in 
not  permitting  the  subject  to  make  adjustments  about  the  pressure 
under  test  as  in  the  usual  psychophysical  situation,  but  rather  to  have 
him  move  the  stick  gradually  out  towards  the  desired  value  until  he 
attained  what  he  thought  was  the  specified  pressure,  and  then  return 
the  control  to  zero.  The  maximum  excursion  of  the  light  spot  was 
scored.  This  change  was  introduced  in  order  to  simulate  somowhat 
more  exactly  the  performance  of  a  pilot  in  manipulating  controls  in 
flight. 

Three  independent  groups  of  20  Army  Air  Forces  pilots  each  were 
employed  as  subjects  with  the  stick,  wheel,  and  rudder  controls.  A 
group  of  13  nonpilots  was  also  tested  with  tho  stick-type  control  with 
the  procedure  described  above.  The  performance  of  two  special 
groups  was  measured  with  tho  stick  control.  Tho  fust  consisted  of 
11  AAF  pilots  tested  with  a  learning  procedure  in  which  tho  practice 
trials  were  omitted  in  order  that  the  courso  and  extent  of  learning 
in  this  task  could  bo  determined.  The  second  group  was  composed 
of  28  AAF  pilots  of  tho  standard  and  learning  groups  who  applied 
pressures  without  knowledge  of  results  for  3  successive  trials  at  each 
pressure  in  each  of  tho  directions  after  completion  of  the  regular  ex¬ 
periment  in  order  to  determine  performance  trends  in  tho  absenco 
of  this  cue. 

The  difference  limens  (DL’s)  were  computed  by  tho  standard  tech¬ 
nique  for  the  method  of  nverago  error  by  computing  tho  standard 
deviation  of  each  individual’s  performance  about  his  own  averago 
at  each  point,  combining  individual  sigmas  to  obtain  tho  SD  of  the 
group,  and  dividing  the  standard  deviation  by  tho  standard  at  each 
point.  The  constant  errors  (CE’s)  were,  of  course,  taken  ns  tho  differ¬ 
ence  between  the  standard  and  averago  attained  pressures  at  each 
point. 
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RESULTS 

T)»c  results  from  the  three  investigations  are  presented  separately 
in  the  following  paragraphs  with  a  final  section  devoted  to  a  com¬ 
parison  of  performance  with  the  three  types  of  controls. 

Stick-type  Control 

The  data  were  collected  separately  for  the  four  directions  of  control 
operation  (front,  back,  right,  and  left).  The  analysis  began  with 
these  results  which  arc  summarized  in  table  1*2.1  for  the  group  of  20 
pilots  tested  with  the  standard  procedure.  An  examination  of  the 
standard  deviation  and  DL  values  in  table  12.1  reveals  that  there  are 
no  consistent  differences  favoring  one  of  the  directions.  The  only 
difference  exceeding  the  5-percent  level  of  significance  is  that  between 
the  standard  deviation  for  1  pound  to  the  front  in  comparison  with  the 
other  3  standard  deviations  involving  1  pound.  Comparable  results 
were  found  for  the  other  3  groups.  In  view  of  these  findings  the  data 
for  the  different  directions  of  control  operation  have  been  combined 
in  the  succeeding  treatment. 

The  basic  data  of  this  study  are  summarized  in  table  12.2  and 
figures  12.2  and  12.3.  It  can  be  seen  that  the  standard  deviations 
(SD)  increase  directly  as  a  function  of  the  magnitude  of  the  standard 


Taih.k  12.1.' — Standard  deviation  (.*?/>),  difference  limen  (SD/S),  and  constant 
error  (CE)  in  pounds  fur  20  pilots  tested  with  .}  different  directions  of  stick- 
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Taiilk  12.2.- -Standard  deviations  (SD),  difference  limcns  (SD/S),  and  constant 
errors  (C/.*)  in  pounds  for  four  directions  of  stick  operation  combined  for  20 
pilots  and  Id  nonpilots  tested  iciih  a  standard  procedure,  11  pilots  tested  with¬ 
out  practice  trials  (learning),  and  '28  of  the  same  pilots  tested  without  knowl¬ 
edge  of  results 
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STANDARD  DEVIATION  /  STANDARD  IN  POUNDS  3  STANDARD  DEVIATION  IN  POUNDS 
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mtok  12.2.— Standard  deviations  plotted  us  a  function  of  the  standard  pressure* 
for  13  uonpitots  and  20  pilot*. 


Kiovkk  12.3.— Difference  Ilmen*  (standard  devlntlon/stnmlurd)  plotted  a*  a 
function  of  the  standard  pressure*. 
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pressure.  While  it  was  found  that  a  straight  line  fitted  these  data 
somewhat  better  than  a  power  function,  it  is  obvious  that  a  larger 
number  of  points  arc  needed,  particularly  at  the  high  pressures,  be¬ 
fore  a  final  conclusion  concerning  the  shape  of  the  curve  can  be 
drawn  (2).  It  is  possible  that  the  exponential  function  would  have 
fitted  the  points  better  than  the  straight  line  if  lower  and  higher 
pressures  had  been  employed  since,  as  Guilford  (4,  p.  79)  has  pointed 
out  there  is  “.  .  .  a  stubborn  theoretical  demand  that  the  curve 
shall  jniss  through  the  origin.”  Ilovland’s  (9)  data  concerning  esti¬ 
mation  of  lino  lengths  indicate  a  better  fit  for  a  power  function  as 
contrasted  with  a  straight  line. 

It  can  be  seen  from  figure  12.3  that  the  Weber  Fraction  is  not  a 
constant,  but  decreases  markedly  from  1  to  10  pounds.  The  difference 
in  the  DL’s  between  1  pound  and  10  pounds  is  significant  at  the  l-per~ 
cent  level  of  confidence  for  all  groups.  The  difference  between  the 
DL’s  for  1  and  5  pounds  is  significant  at  approximately  the  10-percent 
level.  For  the  pilot  and  nonpilot  groups  (of  20  and  13  subjects  respec¬ 
tively)  tested  under  standard  conditions  the  DL  for  5  pounds  was 
not  significantly  greater  than  the  DL  for  any  other  standard  at  the 
5-percent  level.  Beyond  10  pounds  Weber’s  Law  appears  to  hold 
moderately  well  with  the  curves  exhibiting  approximate  linearity  for 
both  of  the  standard  groups. 

It  is  of  interest  to  note  that  individual  differences  were  not  large 
either  in  kind  or  magnitude.  The  shapes  of  the  DL  curves  for  in¬ 
dividual  subjects  were  quite  similar,  exhibiting  the  same  downward 
trend  from  1  pound  to  an  approximate  asymptote  at  10  pounds  for 
92-perccnt  of  the  curves  (33  subjects  of  the  standard  groups  each 
tested  in  4  directions  of  control  operation). 

Another  item  apparent  from  table  12.2  is  the  fact  that  the  pilot 
group  tested  under  standard  conditions  exhibited  a  lower  standard 
deviation,  and,  correspondingly  a  lower  DL  at  all  6  points  as  con¬ 
trasted  with  the  nonpilot  group.  When  the  data  for  the  4  different 
directions  were  compared  it  was  found  that  the  pilot  group  yielded 
lower  values  nt  19  of  the  20  points,  with  tho  one  exception  being  a 
tie.  The  chances  of  this  situation’s  arising  by  chance  are  less  than 
1  in  100  (11). 

The  difference  in  DL’s  between  the  pilots  and  nonpilots  can  be  seen 
to  decrease  from  1  pound  to  40  pounds.  The  critical  ratio  of  the 
over-all  difference  is  2.8,  a  value  significant  beyond  tho  1-percent  level. 
The  major  background  factors  differentiating  the  pilots  from  the  non- 
pilots  appeared  to  be  that  the  pilot  group  bad  undergone  the  psycho¬ 
logical  and  physical  selection  procedures  and  had  had  considerable 
flying  experience. 

Tho  performance  of  11  pilots  tested  without  practice  trials  in  order 
to  determine  the  course  and  extent  of  learning  is  also  summarized  in 
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I  able  12.2.  It  can  bo  seen  that  the  DL’s  follow  the  same  general 
function  for  this  group  as  for  those  tested  under  the  standard  pro¬ 
cedure,  but  that  the  absolute  values  are  shifted  upward  in  all  cases. 
It  might  be  noted  that  a  majority  of  the  upward  shifting  appears  to 
be  attributable  to  the  early  trials  in  a  given  test  session  where  devia¬ 
tions  from  the  standard  were  greatest.  Such  a  trend  was  not  found 
in  the  groups  tested  under  the  standard  procedure  where  practice  trials 
were  given.  The  course  of  learning  indicated  a  tendency  for  the 

II  pilots  to  start  above  low  pressures  and  loam  to  come  down  to  them, 
and,  conversely,  start  below  high  pressures  and  come  up  to  them  as 
learning  proceeded.  Small  amounts  of  learning  occurred  in  the  middle 
range  of  pressures,  i.  e.,  10  and  20  pounds.  Learning  continued  for  8 
to  10  trials  before  a  plateau  was  achieved.  These  findings  arc  in  lino 
with  the  data  concerning  constant  errors  which  are  treated  below. 

The  results  for  the  men  tested  without  knowledge  of  results  yielded 
values  at  the  high  pressures  comparable  to  those  obtained  when  the 
pilots  were  tested  with  it,  as  can  be  seen  in  table  12.2.  At  pressures 
of  1, 5,  and  10  pounds,  however,  the  SD’s  and  DL’s  of  this  group  are 
significantly  poorer  at  the  5-pcrcent  level  ns  compared  with  the  corre¬ 
sponding  data  for  the  standard  pilot  group.  The  shape  of  the  func¬ 
tion  of  DL’s  . plotted  against  standards  is  approximately  the  same  as 
that  for  the  other  groups. 

The  data  regarding  the  magnitude  and  direction  of  the  constant 
errors  for  the  four  groups  are  summarized  in  tables  12.1  and  12.2.  It 
can  bo  seen  that  in  most  cases  CE’s  for  low  pressures  are  positive  and 
those  for  the  high  ones  are  negative.  On  the  average  the  constant 
errors  are  smaller  for  the  pilot  group  than  for  the  nonpilot  group 
and  those  for  the  group  tested  without  knowledge  of  results  are 
greatest  of  all  followed  closely  by  those  of  the  group  tested  under 
the  learning  procedure.  None  of  the  differences  in  CE’s  between  th® 
performant j  of  the  pilot  and  nonpilot  groups  tested  under  standard 
conditions  is  significant  at  the  10-percent  level  of  confidence.  Over 
all,  the  CE’s  for  the  learning  group  and  for  those  pilots  tested  without 
knowledge  of  results  are  significantly  greater  at  the  5-pcrcent  level 
than  the  corresponding  figures  for  the  standard  groups.  The  direc¬ 
tion  of  the  constant  errors  was  not  greatly  different  for  the  four  planes 
of  operation.  The  magnitude  of  the  errors  was  slightly,  but  not  sig¬ 
nificantly,  greater  for  the  fore-and-aft  dimension  than  for  the  right- 
and-left  plane. 

For  the  pilot  group  a  comparison  was  made  of  amount  of  Hying  ex¬ 
perience  with  performance  in  the  present  experiment.  In  tho  group 
of  20  pilots,  8  men  had  less  than  800  flying  hours  and  12  had  flown 
more  than  1,000  hours.  There  were  no  differences  significant  at  the 
5-percent  level  or  better  for  the  following  measures :  mean  perform- 
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a  nee  and  standard  deviation  of  performance  for  40  pounds  and  for 
1  pound.  The  differences  for  other  measures  were  practically  zero. 

In  setting  up  the  order  of  presentation  of  the  various  pressures  in 
combination  with  the  four  directions  of  movement  for  the  stick  con¬ 
trol  a  random  order  was  employed.  In  order  to  check  for  interaction 
effects  an  analysis  was  made  of  performance  of  a  high  pressure  which 
had  been  preceded  by  a  low  one  in  contrast  to  a  high  pressure  pre¬ 
ceded  by  a  medium  or  high  one.  A  corresponding  analysis  was  made 
for  low  pressures.  The  differences  were  in  the  expected  directions; 
e.g.,  when  a  low  pressure  preceded  another  low  one,  the  mean  of  the 
second  was  smaller,  than  when  the  low  pressure  was  preceded  by  a 
heavy  one,  but  no  differences  were  significant  at  the  5-percent  level 
of  confidence.  It  appears  likely  that  interaction  effects  did  not  dis¬ 
tort  the  present  findings  to  any  appreciable  extent. 

It  was  thought  desirable  to  check  the  effect  of  body  weight  on  per¬ 
formance  in  the  present  task,  particularly  for  the  high  pressures. 
Correlations  were  computed  between  mean  attained  pressures  and 
standard  deviations  of  these  on  the  one  hand  and  body  weight  on  the 
other,,  The  resulting  values  were  distributed  about  equally  around  a 
mean  of  zero  with  a  range  of  -0.35  to  0.30.  None  of  them  was 
significantly  different  from  zero  at  the  1-percent  level  of  confidence. 

The  intcrcorrelations  among  standard  deviations  and  constant  er¬ 
rors  were  computed.  Weber’s  Law  assumes  a  perfect  correlation  of 
the  errors  of  observation  whereas  the  Fullerton-Cattell  Square  Boot 
Law  assumes  zero  correlation  (5,  p.  138).  The  obtained  values  for 
standard  deviations  for  the  20  pilots  and  13  nonpiiots  for  the  aft  di»  ■ 
lection  ranged  from  0.15  (1  pound  versus  40  pounds)  to  0.53  (5  pounds 
versus  20  pounds)  with  an  average  of  0.30.  Five  of  the  10  correlations 
were  significantly  different  from  zero  at  the  5-percent  level,  but  only  * 
two  coefficients  were  significant  at  the  1 -percent  level  in  this  small 
sample.  There  was  no  systematic  variation  in  the  eofficients.  These 
data  on  this  small  sample  suggest  a  closer  approximation  to  Guilford’s  ’ 
Generalized  Psychophysical  Law  (4)  than  to  either  of  the  other  two  • 
possibilities. 

The  correlations  among  CE’s  ranged  from  -0.21  to  0.51  with  an 
average  of  approximately  0.00.  The  coefiicients  between  standard  . 
deviations  and  CEs  became  progressively  smaller  from  1  pound  to 
•10  pounds.  I  he  value  for  1  pound  was  0.88  while  thnt  for  40  pounds 
was  -0.00. 

Wheel-type  Control 

The  standard  deviation  values,  the  difference  Unions,  and  the  con¬ 
stant  errors  arc  summarized  in  table  12.3  for  performance  at  each  level 
of  pressure  for  the  two  directions  of  control  operation. 
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Tabu;  12.3. — Standard  deviations  (SD),  difference  Unions  ( SD/S ).  and  constant 
errors  (CD)  in  pounds  for  20  pilots  operating  a  tchrddypc  control  laterally 
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It  is  apparent  from  table  12.3  that  the  standard  deviations  increase 
in  a  roughly  linear  fashion.  With  regard  to  the  DL’s  it  may  bo  seen 
that  these  decrease  in  a  nonlinear  manner  to  10  pounds  and  are  roughly 
constant  beyond  this  point  through  40  pounds.  The  DL  for  1  pound 
was  found  to  be  significantly  greater  at  the  1-perccnt  level  than  that 
for  40  pounds.  None  of  the  other  DL's  differ  significantly  at  this 
level  from  any  other.  The  DL’s  for  the  two  directions  of  action  of  the 
wheel  are  not  significantly  different  from  one  another  $t'the  10-pcrccnt 
level. 

The  constant  errors  are  about  the  same  for  the  two  plnncs  of  opera¬ 
tion  through  20  pounds.  Above  that  value  they  arc  smaller  for  action 
to  the  left.  The  numbers,  however,  are  not  significantly  different  at 
any  statistically  acceptable  level.  For  the  two  planes  of  action  com¬ 
bined  the  CE’s  arc  all  positive  and  show  a  maximum  at  10  uounds. 

Individual  differences  were  not  large,  with  a  vast  majority  of  the 
DL  curves  for  individual  subjects  showing  the  same  downward  trend 
from  1  to  10  pounds  followed  by  a  levelling  off  beyond  that  value. 

Rudder-pedal-type  Control 

The  basic  data  derived  from  this  experimentation  aro  summarized 
in  table  12.4.  The  standard  deviation  values  increase  with  an  increase 
in  the  standard  pressure  in  an  approximately  linear  fashion.  It  can 
bo  seen  that  Weber’s  Law  holds  approximately  beyond  10  pounds. 
Below  this  value  the  DL’s  increase.  For  the  data  of  both  feet  com¬ 
bined,  the  DL  for  5  pounds  is  significantly  higher  at  the  5-pereent 


Table  12.4. — Standard  deviations  (SD),  difference  timens  (SD/S),  and  constant 
errors  (CD)  {«  pounds  for  20  pilots  operating  rudder-pedat-ty pc  controls 


Staudvd  pressure  In 
pounds 

Right 

Left 

Right  »nd  Wt 

SD 

8D/3 

CE 

SD 

SD/S 

CE 

SD 

8  D/8 

CE 

0.47 

a  31 

0.10 

a  to 

0.0 

a  49 

&10 

a  28 

.08 

.07 

.19 

.74 

.27 

.73 

.07 

.23 

1.04 

.24 

1.12 

.42 

1.04 

.01 

.14 

2. 12 

WES 

-.01 

1.V7 

He ] 

.01 

301 

.01 

,oo 

2.83 

.01 

-.34 

2.11 

.10 

X47 

.04 

—.43 

703333 — 17 - IS 
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level  than  the  DI/s  for  40  and  CO  pounds.  Further  support  for  the 
lack  of  constancy  of  the  Weber  Fraction  below  20  pounds  may  be 
found  in  the  data  for  the  5  men  tested  with  1  pound.  The  DL  was 
0.28  for  the  right  foot  and  0.22  for  the  left  foot  with  a  combined  value 
of  0.2G.  This  finding  supports  the  data  at  5  pounds  in  suggesting  that 
Weber’s  Law  does  not  hold  below  10  pounds  in  the  present  case. 

Further  inspection  of  table  12.4  reveals  that  the  relative  accuracy  of 
the  right  foot  was  somewhat  better  at  low  pressures  than  that  of  the 
left  foot,  but  it  should  be  noted  that  none  of  the  differences  on  the 
group  of  20  pilots  is  significant  at  a  statistically  acceptable  level. 

With  regard  to  CE’s  it  can  be  seen  that  over  all  those  for  low  pres¬ 
sures  tend  to  be  positive  and  those  for  high  pressures  are  negative 
or  zero.  The  values  for  the  two  feet  separately  show  negative  CE’s 
for  high  pressures  for  the  right  foot,  but  a  slightly  positive  one  when 
the  subjects  were  working  with  the  left  foot.  The  other  CE’s  are 
about  the  same  for  the  two  feet. 

COMPARISON  OF  PERFORMANCE  WITH  THE  THREE  CONTROLS 

The  curves  of  DL’s  plotted  against  standard  pressure  for  the  per¬ 
formance  of  the  three  groups  tested  with  the  stick,  wheel,  and  rudder 
pedals  are  shown  in  figure  12.4.  It  can  be  seen  that  the  general  shape 


messurc  in  pounds 

Fiuukb  12.4. — Difference  i’unens  (standard  devlatlonAstundnrd)  plotted  as  a 
function  of  the  standard  pressure  for  3  groups  of  20  pilots  each  tested  with 
stick,  wheel,  and  rudder  pedal  controls. 

of  the  curves  is  the  same  in  all  three  cases.  Although  the  values 
decrease  slightly  beyond  10  pounds  it  appears  that  the  Weber  Fraction 
is  roughly  constant  beyond  this  figure.  Performance  with  the  wheel 
as  contrasted  with  that  with  the  stick  yielded  lower  DL’s  at  five  of 
the  six  points.  It  cannot  be  concluded,  however,  that  performance 
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with  the  wheel  is  more  accurate  than  that  with  the  stick  since  neither 
the  differences  between  individual  points  nor  the  over-all  difference 
arc  significant  at  the  5-percent  level  of  confidence. 

Performance  with  the  rudder  pedals  was  about  the  same  as  that 
with  the  wheel  and  somewhat  better  than  that  with  the  stick,  al¬ 
though  less  accurate  discrimination  with  the  feet  as  compared  with 
the  hands  might  have  been  expected.  None  of  the  differences  among 
the  three  sets  of  data  was  significant  at  the  5-perccnt  level.  The 
finding  that  performance  with  the  rudder  pedals  is  as  good  as  that 
with  the  stick  and  wheel  may  be  partially  accounted  for  in  tcrm3  of 
the  fact  that  there  was  additional  support  in  resting  the  heel  on  the 
floor  when  working  with  the  pedals,  thus  permitting  the  application  of 
pressure  with  the  ankles  rather  than  with  the  entire  leg,  the  analogue 
of  which  was  not  available  for  the  pilots  reproducing  pressures  with 
their  hands.  Differences  reported  previously  between  the  apparatuses 
employed  (particularly  the  fineness  of  the  calibrated  scales)  may  be 
involved  in  this  finding. 

All  three  groups  showed  positive  CE’s  for  low  pressures  (see 
tables  12.2, 12.3,  and  12.4) .  The  CE*s  for  high  pressures  were  negative 
for  the  pilots  working  with  the  stick  and  rudder  pedals  and  slightly 
positive  for  the  performance  of  those  men  who  operated  the  wheel. 
For  the  stick  the  CE’s  showed  an  approximately  regular  decreasing 
trend  from  1  to  40  pounds;  for  the  pedals  and  wheel,  howover,  the 
CE’s  increased  to  a  peak  around  the  middle  of  the  pressure  range  and 
decreased  beyond  this  point.  It  should  be  noted  that  none  of  tho  differ¬ 
ences  among  the  three  groups  was  significant  at  the  5-pcrccnt  level  of 
confidence  for  the  number  of  cases  employed, 

SUMMARY  AND  CONCLUSIONS 

This  series  of  studies  was  concerned  primarly  with  the  accuracy 
with  which  blindfolded  pilots  were  able  to  reproduce  pressures  on  a 
stick-type  control,  a  wheel-type  control,  and  riulder-pedal-type  con¬ 
trols.  A  nonpilot  comparison  group  was  tested  with  tho  stick  as  were 
two  other  groups  to  determine  the  course  of  learning  and  the  effects  of 
lack  of  knowledge  of  results.  An  approximately  isometric  indicating 
system  was  employed  in  which  pressures  applied  to  a  semirigid  con¬ 
trol  resulted  in  the  transmission  of  slight  movements  through  cables 
to  a  pivoted  mirror.  A  light  beam  was  reflected  from  the  mirror  to  a 
screen  calibrated  in  pounds.  Five  pressures  (six  with  tho  wheel)  in 
(ho  range  of  1  to  40  pounds  were  used  with  tho  stick,  and  five  values 
from  5  to  GO  pounds  in  the  case  of  the  rudder  pedals.  The  technique 
was  essentially  the  psychophysical  “Method  of  Average  Error.” 
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The  findings  may  be  summarized  as  follows: 

1.  The  accuracy  of  performance  as  measured  by  the  standard  devia¬ 
tion  increased  directly  as  a  function  of  the  magnitude  of  the  standard 
pressure  in  the  results  of  all  three  studies.  The  shape  of  the  curve 
did  not  deviate  significantly  from  linearity  although  too  few  points 
were  involved  for  a  final  conclusion  to  be  drawn. 

•2.  Weber’s  Law  did  not  hold  throughout  the  range  of  pressures 
employed,  'flic  difference  limens  (standard  deviation  divided  by 
the  standard)  decreased  appreciably  from  1  to  10  pounds  for  the  data 
of  the  three  investigations.  Beyond  the  latter  value  the  Weber  Frac¬ 
tion  was  approximately  constant  at  about  0.06. 

:5.  Individual  differences  were  relatively  small  with  the  records  of 
most  subjects  exhibiting  a  negative  growth  function  when  the  DL’s 
were  plotted  against  the  standards.  Differences  in  the  magnitude  of 
the  DL's  between  individuals  were  not  appreciable. 

4.  The  constant  erroi-s  for  all  three  groups  for  low  pressures  were 
positive;  for  high  pressures  they  were  negative  for  the  subjects  operat¬ 
ing  the  stick  and  rudder-pedal  controls  and  slightly  positive  for  those 
pilots  who  applied  pressures  to  the  wheel.  Differences  in  CE’s 
between  groups  were  not  significant. 

5.  A  comparison  of  the  performance  of  pilots  and  nonpilots  work¬ 
ing  with  the  stick  control  indicated  more  accurate  performance,  i.  e., 
lower  standard  deviations  and  correspondingly  lower  DL’s  at  practi¬ 
cally  all  points  for  the  former  group.  The  over-all  difference  was 
highly  significant. 

6.  There  were  no  appreciable  or  statistically  significant  differences 
Inst  ween  data  derived  from  operation  of  the  three  controls  in  different 
directions.  This  finding  held  for  both  DL’s  and  CE’s. 

7.  There  was  no  statistically  significant  evidence  that  performance 
with  one  control  yielded  more  accurate  performance  than  operation 
of  any  other  control.  The  fact  that  accuracy  of  operation  of  the 
rudder  pedals  was  equal  to  that  with  the  stick  and  wheel  appeared  to 
be  due,  in  part,  to  the  support  derived  from  resting  the  heel  on  the 
floor  in  this  case  and  apparatus  differences. 

8.  The  course  of  learning  indicated  a  tendency  for  the  11  pilots  to 
start  above  low  pressures  and  learn  to  come  down  towards  the  stand¬ 
ard,  and,  conversely,  to  begin  below  high  pressures  and  come  up  to 
them  as  learning  proceeded.  Small  amounts  of  learning  occurred  in 
the  middle  range  of  pressures  employed.  Learning  continued  for 
8  to  10  trials  before  a  plateau  was  attained.  The  shape  of  the  Weber 
function  was  similar  to  that  obtained  from  the  subjects  tested  under 
the  standard  procedure,  but  the  magnitude  of  the  values  was  greater 
for  the  learning  group. 


9.  Twenty-eight  pilots  were  tested,  sifter  the  completion  of  the 
regular  experiment,  for  three  trials  sit  each  standard  pressure  without 
knowledge  of  results.  The  shape  of  the  curve  of  DL’s  plotted  against 
standards  was  approximately  the  same  as  for  the  other  groups,  but  the 
values  were  appreciably  increased,  particularly  at  the  low  pressures. 

10.  It  was  concluded  that  amount  of  flying  experience,  body  weight, 
and  the  order  in  which  the  pressures  and  directions  were  presented 
were  not  contributing  appreciably  to  the  results. 

11.  The  intercorrclations  among  standard  deviations  and  constant 
errors  suggested  that  the  data  approximated  Guilford’s  Generalized 
Psychophysical  Law  more  closely  than  Weber’s  Law  or  the  Fullerton- 
Cattell  Square-Hoot  Law. 

On  the  basis  of  the  findings  of  these  studies  recommendations  were 
made  to  higher  authority  that,  in  control  systems  where  pressure  or 
force  is  the  major  cue  employed  by  the  operator  in  working  with  stick, 
wheel,  or  pedal  controls  operated  by  the  arms  or  legs,  and  where  rela¬ 
tive  consistency  of  performance  is  an  important  consideration,  it  ap¬ 
pears  desirable  to  minimize  the  frequency  with  which  operators  must 
apply  pressures  in  the  range  from  0  to  5  pounds.  The  use  of  a  wide 
range  of  pressures,  up  to  a  limit  of  30  or  40  pounds,  was  also  recom¬ 
mended  in  order  to  maximize  the  number  of  just  noticeable  differences 
for  the  operator.  Pressures  much  higher  than  this  limit  were  recom¬ 
mended  as  undesirable  becauso  of  the  likelihood  of  fatigue  effects  with 
frequent  applications  of  high  forces. 
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CHAPTER  THIRTEEN _ i 

The  Coding  of  Airplane  Control 

Knobs 

Joseph  Wkitz1 


INTRODUCTION 

How  does  the  development  of  one  set  of  habits  affect  the  learning  of 
a  new  set  of  habits  similar  to  but  not  identical  with  the  first?  This  is 
a  problem  confronting  a  pilot  each  time  ho  changes  from  one  typo  of 
airplane  to  another.  In  his  original  training,  the  pilot  may  learn  that 
the  throttle  is  to  the  right  of  the  mixture  control  whereas  in  the  next 
plane  he  finds  the  throttle  in  a  quite  different  position.  Docs  this  affect 
the  speed  and  accuracy  of  his  performance?  Actually  this  problem 
involving  changes  in  position  of  controls  is  part  of  the  larger  problem 
of  cockpit  standardization.  The  present  chapter,  however,  is  concerned  • 
with  the  specific  problem  of  habit  interference  duo  to  a  lack  of  stand¬ 
ardization  of  controls. 

In  many  cases,  the  change  involved  is  not  only  one  of  position,  but 
the  shape  and  color  of  the  control  handle  is  also  changed.  That  is, 
the  throttle  may  have  a  round  red  knob  in  one  airplane  and  in  another 
have  a  square  blue  handle.  It  is  possible  that  this  too  may  lead  to 
some  interference  with  performance. 

From  the  above  considerations  several  questions  may  be  asked  which 
can  be  answered  under  experimentally  controlled  conditions.  (1) 

Does  changing  the  shape  of  the  control  handles  produce  more  or  less 
interference  than  changing  the  position?  (2)  If  changing  position 
leads  to  interference,  does  coding  the  shape  and  color  of  the  handles  ! 

differentially,  according  to  function,  have  any  effect  on  this  inter¬ 
ference?  (3)  If  shape  coding  does  lessen  the  interference  caused  by 
position  changes,  will  it  also  be  effective  in  the  absence  of  visual  cues? 

It  did  not  seem  advisable  to  investigate  these  three  problems  initially 
in  an  airplane.  Therefore,  an  experimental  set-up  was  designed 

•Tho  research  studies  reported  In  this  chapter  were  carried  out  while  the  nuthor  was  j 

assigned  to  the  Department  of  Psychology,  AAK  School  of  Aviation  Medicine,  Randolph  t 

Field,  Tex.  The  work  was  initiated  na  the  result  of  discussions  with  Col.  Arthur  W.  Melton, 

Chief  of  the  Department,  and  Lt.  Col.  Paul  M.  Fitts  In  Headquarters,  AAF.  f 
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from  which  conclusions  could  be  drawn  and  applied  to  the  cockpit 
situation, 

EXPERIMENT  1 


Procedure 

The  first  problem  (1)  was  investigated  in  the  following  manner. 
The  apparatus  used  was  a  mock-up  of  a  control  column  in  which  there 
were  four  controls.  The  handles  were  so  constructed  as  to  be  easily 
removable  and  interchangeable  (see  fig.  13.1).  These  controls  were 
used  in  ojjerating  the  SAM  Self-pacing  Discrimination  Reaction  Time 
Test.3  This  test  is  one  consisting  of  a  panel  which  permits  the  presenta¬ 
tion  of  pairs  of  lights,  one  red  and  one  green.  The  red  light  can  be 
above  the  green,  to  the  right  of  the  green,  to  the  left  of  the  green,  or 
below  the  green.  If  the  correct  control  is  pulled  backward  a  new  set¬ 
ting  of  lights  appears;  if  the  incorrect  control  is  pulled  the  lights  are 
turned  off  for  2  seconds,  and  no  response  can  be  made  during  that 
period.  The  efficiency  of  the  subject’s  performance  in  this  study  was 
measured  by  the  number  of  correct  responses  made  in  four  1-minute 
periods.  There  was  a  15  second  rest  period  between  each  of  the  four 
trials. 

The  experiment  was  designed  to  determine  the  interference  resulting 
(1)  when  the  positions  of  the  controls  were  changed  and  (2)  when 
both  the  shape  and  the  position  of  the  controls  were  changed.  A  com¬ 
parison  situation  was  also  required;  this  was  one  in  which  neither  the 
shape  nor  the  position  of  the  controls  was  changed.  The  three  ways 
in  which  the  controls  were  varied  were  called  conditions  A,  B,  and  C. 
These  are  shown  in  table  13.1. 


Tabus  131. — Arrangement  of  control s  for  the  three  conditions  In  experiment  1 


Condition 


A 

B 

C 


Position  of  conlrol 

Shape  of  control 

| . 

Barrel . . . 

2 . 

Truncated  cylinder . 

3 . 

Sphere.. . . 

4 . 

Cube . 

I . 

Truncntcd  cylinder . 

•I 

Barrel..... . 

3 . 

Cube . 

4 . 

Sphere . 

1 . 

Cylinder . 

2 . 

Cylinder . 

3 . 

Cylinder . 

4 . 

Cylinder . 

Signal  for  operation 


Red  right  of  green. 
Red  below  green. 
Red  left  of  green. 
Rod  above  green. 
Red  below  green. 
Red  right  of  green. 
Red  above  green. 
Red  lea  of  green. 
Red  right  of  green. 
Red  below  green. 
Red  leR  of  greer. 
Red  above  green. 


It  can  be  seen  that  conditions  A  and  C  bad  the  same  correct  positions 
but  differed  in  the  shape  of  controls.  Condition  A  differed  from  B  in 
position  of  the  correct  control  but  was  the  same  with  respect  to  the 
shape  of  the  appropriate  handle.  Condition  C  differed  from  condi¬ 
tion  B  in  both  shape  and  position  of  the  correct  controls. 


*  Till*  lest  was  designed  by  Judson  8.  Drown. 
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CXPCRIKENT  not  EXPERIMCN1  *0  « 

I'iouub  13.1. — Control  panels  and  self-pacing  discrimination  reaction  time  appa¬ 
ratus  used  in  cx|x‘riiucnts  1,  2,  and  3. 


The  procedure  was  as  follows.  One  group  of  subjects  (group  1)  was 
given  four  trials  on  condition  A,  was  allowed  to  rest  1.5  minutes,  and 
then  was  given  four  trials  on  condition  B.  Here  the  interfering  factor 
was  the  position  of  the  appropriate  control;  the  shapes  of  tho  handles 
were  the  same  in  both  conditions.  Group  II  had  four  trials  on  con¬ 
dition  C,  then  after  1.5  minutes  of  rest  was  given  four  trials  on  con¬ 
dition  B.  For  this  group  not  only  was  the  position  of  tho  correct 
control  varied,  but  the  shape  of  the  appropriate  handle  was  also 
changed.  Group  III  had  four  trials  on  condition  B  and  then,  after 
a  rest  of  1.5  minutes,  four  more  trials  on  condition  B.  This  group 
served  as  the  comparison  group  and  its  performance  would  show’  tho 
advantage,  if  any,  of  maintaining  the  same  shape  and  position  of  con¬ 
trols.  It  will  be  noted  that  condition  B  was  administered  to  all  three 
groups  as  their  second  test  run.  If  the  initial  four  trials  had  no  dif¬ 
ferential  effect  on  the  subsequent  four  trials  then  it  would  be  expected 
that  the  average  score  on  the  last  four  trials  would  be  equal  for  all 
groups. 

Results 

Tho  results  are  shown  in  table  13.2.  In  comparing  the  results  of 
performance  on  the  second  four  trials  (B)  for  the  three  groups,  it 
can  be  seen  that  some  differences  did  occur.  The  difference  between 
the  last  four  trials  for  groups  I  and  III  gives  a  critical  ratio  of  1.50, 
indicating  little  loss  in  performance  when  shape  coding  was  constant 
even  though  position  was  changed.  Changing  both  shape  and  posi¬ 
tion  (group  II)  compared  with  no  change  (group  III)  resulted  in 
a  statistically  significant  amount  of  habit  interference,  as  shown  by  the 
critical  ratio  of  3.18. 


Tabu:  13.2. — Mean  number  of  correct  reaponxe*  for  each  condition,  experiment  t 


Change  Involved . 

Qroup 

I 

II 

IU 

Position 

f  Shape  and  1 
l  position  / 

Non# 

A  to  B 

53.7  1  125.9 
20.5  |  27.3 

43 

C  to  B 
uo.9|  ns.  7 

20. 7  I  28.5 

45 

B  to  B 

93.4  I  134.5 
20.11  25.8 

45 

M . 

8D . 

N . . 

Tho  same  trends  arc  obvious  with  respect  to  error  scores.  This  can 
be  seen  in  table  13.3.  Here  again  tho  largest  difference  occurred  when 
tlic  number  of  errors  on  the  second  run  of  B  for  the  group  whero  no 
change  occured  was  compared  with  tho  group  having  both  shape  and 
position  varied.  The  critical  ratio  between  these  two  sets  of  perform¬ 
ances  was  statistically  significant  at  better  than  the  5-percent  level  of 
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confidence  (CR=2.24).  It  should  be  remembered  in  considering  the 
error  data  that  in  an  airplane  one  error  may  be  of  great  practical 
significance. 


Tabu:  13.3. — Mean  number  of  error*  for  each  condition  in  experiment  1 


Chtnx*  IotoIvuI . . . 

Group 

I 

!I 

III 

Position 

/  Shipoand  \ 
l  position  j 

Non* 

Condition . 

A  to  B 

33.5  1  15.3 

13.9|  14.1 

45 

C  to  B 

22.4  j  16.9 

12.4  1  11.1 

45 

B  toB 

21.0  1  12.2 

120  !  9.4 

45 

M . 

8I> . 

N .  . 

1 

It  would  seem  then  that  changing  both  shape  and  position  of  the 
controls  concomitantly  had  the  greatest  detrimental  effect  on  speed  and 
accuracy  of  performance.  However,  these  data  do  not  show  conclu¬ 
sively  which  of  these  variables  had  the  greater  effect. 

Two  other  groups  of  subjects  were  run  to  determine  the  effect  of 
varying  the  shape  of  the  controls  while  holding  position  constant. 
Group  IV  was  tested  first  on  condition  A  and  then  on  C ;  Group  V  was 
tested  first  on  condition  C  and  then  on  A.  Here  it  will  be  noted  that 
the  correct  position  of  the  controls  was  identical  in  both  cases,  but  the 
shape  of  the  appropriate  handle  was  changed.  The  results  of  these 
experiments  arc  shown  in  table  13.4.  It  can  be  seen  that  there  was 
little  loss  in  performance  on  either  of  the  second  sets  of  trials  when 
compared  to  the  second  run  of  condition  B  in  which  both  shape  and 
position  were  held  constant.  It  may  be  assumed,  then,  that  if  the  rela¬ 
tive  position  of  the  controls  is  maintained  constant  there  will  be  little 
if  any  habit  interference  regardless  of  changes  in  shape  of  the  control 
handle. 


Tabu!  13.4. — Mean  number  of  correct  responses  for  each  condition,  experiment  1 


Ch»nr*  Involved . 

Group 

IV 

V 

III 

Sh*p« 

8h*pe 

Non* 

Condition . 

A  toC 

04.8  1  133.9 
28.2  I  36. 2 
20 

C  to  A 

95.6  1  131.0 

26.6  1  31.1 

20 

B  to  B 

93. 4  1  134. 5 

26.11  28.8 

45 

M . 

n  d . 

N... . 

EXPERIMENT  1 

Procedure 

In  many  cases,  because  of  engineering  difficulties,  it  is  not  feasible 
to  maintain  constant  the  position  of  the  controls  from  one  plane  to 
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another. '  The  next  study  (2)  was  designed  to  determine  whether  or 
not  shape  and  color  coding  would  reduce  the  interference  caused  by 
changing  position. 

The  apparatus  employed  was  essentially  the  same  as  that  used  in 
the  first  study.  However,  in  the  second  study  the  mock-up  control 
column  had  seven  different  controls  (see  fig.  13.1),  of  which  only 
four  were  used.  These  controls  were  used  again  in  operating  the 
SAM  Self-pacing  Discrimination  Reaction  Time  Test.  Scoring  wa3 
accomplished  in  the  same  manner  as  in  tho  first  study  with  the  only 
difference  being  that  eight  trials  were  used  in  each  sequence  instead 
of  four. 

The  following  four  basic  test  situations  were  used: 

Condition  .1. — Eight  trials  on  handles  coded  with  respect  to  appro¬ 
priate  response. 

Condition  B. — Eight  trials  on  handles  coded  the  same  as  condition 
A  but  different  with  respect  to  correct  position  on  the  control  column. 

Condition  C. — Eight  trials  on  noncoded  handles  (all  the  same  shape 
and  color)  with  positions  the  same  as  those  in  condition  A. 

Condition  D. — Eight  trials  on  noncoded  handles  (all  the  same  shape 
and  color)  with  the  correct  positions  the  same  as  those  in  condition  B. 
These  four  conditions  are  shown  in  table  13.5.  It  will  be  noted  that 
condition  A  differed  from  condition  B  with  respect  to  correct  position, 
but  was  the  same  with  regard  to  shape  and  color  of  the  appropriate 
control  handle.  Condition  C  differed  from  condition  D  with  respect 
to  correct  position  in  the  same  way  that  A  differed  from  B,  but  in  tho 
case  of  conditions  C  and  D  there  was  no  differentiation  of  tho  control 
handles  in  terms  of  shape  or  color. 

Four  experimental  groups  were  tested  ns  follows  in  order  to  deter¬ 
mine  the  habit  interference  resulting  from  the  combination  of  these 
conditions: 

Croup  I. — Condition  A  followed  by  condition  B.  This  involved 
habit  interference  resulting  from  the  changed  position  of  the  controls 
when  the  handles  were  coded  with  respect  to  shape  and  color. 

Group  II. — Condition  B  followed  by  eight  more  trials  of  condition 
B.  The  second  trial  served  as  a  comparison  for  the  performance  of 
group  I  on  condition  B. 

Group  III. — Condition  C  followed  by  condition  D.  This  involved 
habit  interference  resulting  from  a  change  in  position  of  controls  when 
the  handles  were  not  coded  with  respect  to  shape  and  color. 

Group  IV. — Condition  D  followed  by  eight  more  trials  of  condi¬ 
tion  D.  The  second  eight  trials  of  condition  D  served  as  a  control  for 
the  performance  of  group  III  on  condition  D. 

For  all  groups  there  was  a  rest  interval  of  1.5  minutes  between  tho 
two  sets  of  eight  trials. 


Result* 

The  effect  of  coding  on  performance  when  the  position  of  the 
correct  controls  is  changed  can  be  determined  by  comparing  the  per¬ 
formance  of  group  I  on  the  second  eight  trials  with  that  of  group  II 
on  the  second  eight  trials  (condition  B),  and  by  comparing  the  second 
eight  trials  for  group  III  with  the  second  eight  trials  of  group  IV 
(condition  D) .  Table  13.0  shows  the  results  for  the  four  groups. 


Tabls  13.8—  Mean  number  of  correct  rc*i>on*ct  for  each  condition,  experiment  2 


Cbtace  Involved . 

Group 

I  (coded) 

1! (coded) 

III  (non coded) 

IV  (noccoded) 

Pojltlon 

None 

roe!  Hon 

None 

Condition . „ 

a  to  n 

B  to  B 

C  to  D 

D  to  D 

255.7  1  314. 3 

338.7  1  317.8 

met  336.3 

190.9  I  299.9 

8D . 

66.9  I  49.9 

53.7  1  46.$ 

au  !  a.3 

SU  I  63.4 

35 

33 

31 

35 

Since  the  changes  in  position  of  controls  for  groups  I  (A  to  B) 
and  III  (C  to  B)  are  idertical  it  follows  that  if  the  shape  and  color 
coding  used  with  group  I  have  the  effect  of  reducing  habit  interfer¬ 
ence,  then  Lhere  should  be  less  loss  in  efficiency  of  performance  when 
comparing  the  last  eight  trials  for  group  I  with  those  for  group  II 
than  there  is  when  comparing  the  last  eight  trials  for  group  HI  with 
those  for  group  IV.  The  data  in  table  13.6  verify  this  expectation. 
The  difference  between  groups  I  and  II  for  the  last  eight  trials  is  not 
statistically  significant  (critical  ratio  =1.74),  whereas,  the  difference 
between  the  mean  scores  on  the  last  eight  trials  for  groups  III  and  IV 
is  highly  significant  (critical  ratio=4.05).  There  is  little  loss  in  per¬ 
formance  when  position  is  changed  if  the  control  handles  are  coded 
with  respect  to  color  and  shape.  There  is  a  much  larger  and  a  statis¬ 
tically  significant  habit  interference  when  the  positions  are  changed 
and  there  is  no  color  or  shape  coding.  The  difference  is  even  more 
striking  when  the  mean  score  on  the  last  eight  trials  for  group  I  is 
compared  directly  with  the  mean  score  on  the  last  eight  trials  for 
group  III.  Here  the  changes  in  position  are  identical,  the  only  dif¬ 
ference  is  that  in  group  I  coding  is  in  effect,  whereas  there  is  no  coding 
of  the  handles  for  group  III.  The  difference  between  these  two  sets 
of  means  is  highly  significant  (critical  ratio= 5.56) ,  showing  a  definite 
superiority  in  performance  with  the  coded  handles. 

The  results  in  terms  of  correct  responses  arc  further  borne  out  when 
the  error  scores  for  the  various  conditions  are  compared.  In  table  13.7 
arc  shown  the  means  and  standard  deviations  of  the  total  error  scores 
for  each  condition.  In  terms  of  the  number  of  erroneous  reactions 
made  there  was  no  loss  in  efficiency  when  the  positions  of  the  controls 
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Table  13.7.— Mean  number  of  errora  for  each  condition  in  experiment  t 


Choate  InrcJvo<! . 

Group 

I 

II 

lit 

IV 

Fecit  loo 

Sod* 

Position 

Non* 

Condition.. . . . 

A  to  B 

n.»  |  10.2 

25.1  6.0 

26 

B  to  B 

11.4  |  14. « 

17.2  ll.S 

35 

C  to  D 

37.2  1  33.3 
23.7  1  24.0 

35 

D  to  D 

39.1  1  16.2 

25.1  16.3 
21 

M . 

SD . 

N. . . . 

were  changed  if  the  handles  were  coded.  The  difference  between  the 
average  error  score  on  the  last  eight  trials  for  groups  I  and  II  is  not 
statistically  significant  (critical  ratio =1.52)  and  the  direction  of  the 
difference  is  the  opposite  from  that  expected.  In  the  case  of  noncoded 
handles,  there  is  a  statistically  significant  difference  (critical  ratio=* 
2.99)  between  the  average  error  score  for  the  last  eight  trials  for  groups 
III  and  IV.  Here,  the  difference  is  in  the  expected  direction,  namely 
&  greater  number  of  errors  when  the  position  of  the  handles  was 


Figure  13.2.— Average  number  of  correct  responses  per  trial  In  experiment  2. 
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changed.  Finally,  a  direct  comparison  of  ths  mean  error  score  in  the 
last  eight  trials  for  group  I  and  group  III  reveals  a  highly  significant 
difference  in  performance  in  favor  of  coded  handles  (critical  ratio*3 
4.67). 

A  graphic  presentation  of  the  interference  caused  by  changing  tho 
positions  of  the  correct  controls  is  shown  in  figures  13.2  and  13,3.  It 
is  apparent  from  figure  13.2  that  learning  took  place  in  all  groups 
during  the  first  eight  trials  of  the  test.  That  is,  the  average  frequency 


Figure  13.3.— Average  number  of  errors  per  trial  In  experiment  2. 


of  correct  responses  increased  from  trial  to  trial  during  tho  first  eight 
trials.  The  second  group  of  eight  trials  is  the  critical  set  to  which 
attention  should  be  directed.  It  will  be  noted  that  during  the  second 
group  of  eight  trials,  points  representing  the  average  correct  responses 
for  group  I  consistently  fell  below  the  points  representing  the  average 
correct  responses  for  group  II,  thus  indicating  some  slight  amount 
of  habit  interference  resulting  from  the  change  in  tho  position  of  the 
correct  controls  even  when  tho  handles  were  coded  for  shape  and 
color.  Comparison  of  the  curves  for  groups  III  and  IV  reveals,  by 
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contrast,  the  large  amount  of  habit  interference  which  resulted  from 
changes  in  the  positions  of  the  correct  controls  when  the  handles  were 
not  coded.  These  curves  also  reveal  that  the  maximum  habit  inter¬ 
ference  occurred  during  the  first  transition  trials  on  the  conditions 
which  involved  changes  in  the  position  of  the  correct  controls,  and 
it  is  further  indicated  that  this  initial  habit  interference  was  ex¬ 
aggerated  when  the  handles  were  not  coded.  The  difference  between 
the  scores  on  the  first  transition  trial  for  groups  I  and  III  is  highly 
significant  (critical  ratio=7.G2). 

These  conclusions  hold  equally  well  when  consideration  is  given 
to  accuracy  of  performance  as  shown  in  figure  13.3.  The  number  of 
errors  decreased  on  the  first  eight  trials  for  all  groups.  On  the  first 
transition  trial  group  I  showed  a  very  slight  increase  in  error,  but 
it  can  be  seen  that  the  remainder  of  the  curve  shows  the  performance 
of  this  group  to  have  been  certainly  as  good  as  its  comparison  group 
(group  II).  On  the  contrary,  when  the  handles  were  not  coded 
(group  III),  there  was  a  very  large  increase  in  the  number  of  errors 
on  the  first  transition  trial,  and  the  tendency  to  error  in  this  group 
did  not  disappear  during  the  following  seven  trials  on  that  arrange¬ 
ment  of  control  handles.  That  is,  group  III  never  made  as  few  errors 
as  its  comparison  group,  group  IV.  The  difference  between  the  error 
scores  on  the  first  transition  for  groups  I  and  III  is  highly  significant 
(critical  ration  5.16). 

It  is  evident  that  changing  the  position  of  a  control  in  a  series  of 
controls  having  handles  of  similar  shape  had  a  detrimental  effect 
upon  the  speed  and  accuracy  of  performance.  However,  this  effect 
was  minimized  to  a  very  marked  degree  when  the  control  handles 
were  coded  with  respect  to  color  and  shape  and  the  individual  being 
tested  was  permitted  to  use  vision  in  the  selection  of  the  correct  control 
handles. 

EXPERIMENT  3 

Procedure 

The  third  question  to  be  answered  was,  does  shape  coding  lessen 
the  interference  due  to  position  changes  even  though  visual  cues  are 
restricted?  This  study  (3)  was  designed  in  the  same  way  as  study 
2  with  one  exception :  in  this  case,  the  control  box  was  placed  behind 
a  screen  which  concealed  the  controls  but  did  not  restrict  the  movement 
of  the  hand  in  manipulating  the  controls.  The  same  four  conditions 
were  used  and  the  same  four  groups  (different  subjects,  of  course) 
were  used. 

Results 

Table  13.8  shows  the  results  for  the  four  groups  with  respect  to  the 
total  number  of  correct  responses  made.  Since  the  changes  in  position 
of  the  controls  for  groups  I  and  III  are  identical  it  follows  that  if 
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coding  has  a  beneficial  effect  there  should  be  a  smaller  loss  of  pro¬ 
ficiency  on  condition  B  for  group  I  when  comparing  it  to  condition 
B  for  group  II  than  there  is  upon  comparing  condition  D  for  group 
III  and  group  IV. 


Taui.e  13.8. — Mean  number  of  correct  responses  for  each  condition,  experiment  3 


Chance  Involved . . . 

Oroup 

1  (coded) 

11  (coded) 

11!  (noncodod) 

IV  (aoncoded) 

Position 

Non* 

Position 

Xom 

Condition . 

A  to  B 

D  to  n 

Cte  1) 

Dtoli 

191.21  |  230.58 

100.00  1  278.02 

1(3.08  |  177.76 

130. 18  1  219. 18 

8D . 

05.78  1  00.21 

58.13  1  70.54 

G0.W1  50.01 

<0.53  !  015  * 

so 

M 

50 

50 

It  would  appear  from  these  comparisons  that  there  was  a  consider¬ 
able  loss  in  performance  due  to  changing  position  and  that  there  would 
seem  to  be  no  advantage  shown  for  the  coded  handles.  It  should  be 
pointed  out,  however,  that  the  groups  using  the  coded  handles  showed 
a  somewhat  superior  performance  throughout.  When  the  second  eight 
trials  for  group  I  are  compared  with  the  second  eight  trials  for  group 
III,  it  can  be  seen  that  there  was  a  marked  superiority  in  favor  of  tho 
group  using  coded  handles.  The  initial  correct  positions  and  the 
change  in  positions  were  identical  for  these  two  groups  and  yet  there 
were  99.9  chances  in  100  that  group  I  would  show  a  superior  per¬ 
formance  on  the  transition  trials  (critical  ratio=4.3i).  From  the 
data,  it  is  obvious  that  the  coded  handles  led  to  better  performance 
even  when  no  transition  occurred.  This  is  observable  when  the  second 
eight  trials  for  groups  II  and  IV  are  compared.  Here,  again,  there 
are  99.9  chances  in  100  that  there  is  a  true  difference  in  favor  of  the 
group  using  coded  handles  (critical  ration =4.39).  The  beneficial 
effect  of  shape  coding  even  though  visual  cues  are  restricted  is  further 
evidenced  by  comparing  the  error  scores  made  by  the  different  groups. 
Their  error  scores  are  shown  in  table  13.9.  Here  it  can  bo  seen  that 
the  difference  between  the  number  of  errors  for  condition  B  for  group 
I  as  compared  to  the  number  of  errors  for  condition  D  for  group  III 


Tam.e  13.0. — it  ran  number  of  errors  for  each  condition  In  experiment  3 


Chance  involved . . 

Group 

1  (coded) 

11  (coded) 

III  (noncodcd) 

IV  (noncodcd) 

Position 

None 

Position 

None 

Condition . . . . 

A  to  n 

37.92  1  23.70 
21.  50  1  19.  53 
50 

11  to  » 

<8. 92  |  23. 30 
25.25  1  21.90 
50 

c  to  n 

(0. 02  |  37.  tJ 
19.72  1  18.45 
SO 

D  to  D 

49.78  |  31.04 
23.38  1  21.94 

50 

M . 

81) . 

N . 

70333.V-47 - 14 
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is  highly  reliable  (critical  ratio=3.Cl).  Since  the  changes  in  position 
were  identical  for  those  two  groups,  the  shape  coding  had  the  effect  of 
significantly  reducing  the  number  of  errors  on  the  transition  trials 
when  comparing  the  performance  on  the  coded  and  noncoded  handles. 

It  is  evident  that  changing  the  position  of  the  appropriate  controls 
led  to  marked  habit  interference  when  visual  cues  were  eliminated. 
This  interference  effect  was  reduced  in  its  initial  amount  after  transi¬ 
tion  and  was  less  persistent  when  the  control  handles  were  coded  in 
terms  of  shape.  This  study  indicates  that  the  coding  of  control 
handles  in  terms  of  shape  is  a  desirable  procedure  even  though  visual 
cues  are  eliminated,  as  in  the  case  of  flying  in  a  darkened  cockpit. 

SUMMARY  AND  CONCLUSIONS 

It  may  bo  concluded  on  the  basis  of  these  three  studies  that  if  changes 
are  made  in  the  positions  of  the  controls  after  an  individual  has 
learned  one  set  of  positions,  marked  habit  interference  results.  If 
the  controls  are  coded  with  respect  to  color  and  shape,  this  interfer¬ 
ence  is  minimized  even  when  visual  cues  are  restricted.  If  both  posi- 
t  ion  and  shape  arc  changed,  interference  is  maximized.  Consequently, 
if  position  of  the  controls  must  be  changed  from  one  airplane  to  an¬ 
other,  it  would  be  of  definite  advantage  to  use  shape  and  color  coding 
of  handles  according  to  function. 
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CHAPTER  FOURTEEN _ _ 

The  Tactual  Discrimination  of 
Shapes  for  Coding  Aircraft-Type 

Controls1 

William  0.  Jenkins 


INTRODUCTION 

The  present  studies  were  designed  to  determine  the  extent  of  con¬ 
fusion  among  several  series  of  control  knob  shapes,  including  shapes 
now  in  use  in  aircraft  and  a  number  of  experimental  ones,  in  a  situation 
where  the  subjects  employed  primarily  tactual  cues,  and  tho  use  of 
vision,  kinesthesis,  size,  and  position  was  minimized  or  eliminated* 
On  many  occasions  aircrew  members,  particularly  pilots,  must  react 
rapidly  and  accurately  to  one  of  a  closely  bunched  group  of  controls 
where  positional  cues  are  minimized  and  the  operator  is  attending  to 
certain  instrument  indications.  Errors  in  this  regard  have  produced 
many  accidents,  particularly  in  transition  training  where  unfamiliar 
aircraft  aro  being  flown.  One  of  the  most  common  accidents  results 
from  confusion  between  flaps  and  landing  gear  controls  which  aro  in 
close  proximity  in  *ome  aircraft  and  are  not  coded  with  respect  to 
any  of  the  several  possibilities. 

Investigations  by  Weitz  at  the  Army  Air  Forces  School  of  Aviation 
Medicino  (see  ch.  13)  have  shown  that  accuracy  of  performance  is 
significantly  affected  by  position  cues  and  by  shape  and  color  coding 
of  aircraft-type  control  knobs.  The  present  studies  provide  specific 
information,  without  particular  samples  of  knob  shapes,  concerning 
which  shapes  yield  the  fewest  recognition  errors  where  size,  position, 
vision,  and  mode  of  operation  of  the  control  are  held  constant  or 
eliminated  as  cites. 


1  This  t-lmjitcr  Is  ImseiJ  upon  research  flmllucs  reported  in  llendnuarters  AMC,  KiiKlueOf. 
li*H  !>lvi.-ion.  Memorandum  Reports,  No.  TSUAA-UDl-l,  TSKAA-C'Jl-lA,  n:nl  TSK.V.V- 
CD1-1U. 


199 


t  Wo*- 


APPARATUS  AND  PROCEDURE 

In  the  first  major  stud}*  (study  I),  25  plastic  shapes,  1%  inches  in 
the  largest  dimension,  were  each  mounted  on  a  rod  which  was  bolted 
to  the  periphery  of  a  turntable.  The  knobs  and  their  mode  of  pres¬ 
entation  are  shown  in  figure  14.1.  In  the  second  major  study  (study 
1 1)  ,2*2  plastic  shapes,  inches  in  the  largest  dimension,  were  mounted 
on  the  turntable  with  their  shafts  parallel  to  the  ground  as  shown  in 
figure  14.2.  In  both  studies  the  procedure  was  followed  of  examin¬ 
ing  standard  control  knob  shapes  in  the  cockpit  and  on  AAF  equipment 
such  as  radar  and  radio  sets  and  attempting  to  select  shapes  for  study 
which  maximized  the  characteristics  typical  of  a  group  of  related  knob 
shapes. 

In  these  studies  the  practical  interest  was  in  finding  sets  of  knob 
shapes  yielding  a  minimum  number  of  errors  for  use  in  the  cockpit 
and  on  radio  and  radar  equipment.  For  this  reason  separate  studies 
were  made  of  different  series  of  knob  shapes  mounted  vertically  and 
horizontally.  It  is  quite  possible  that  mode  of  mounting  is  not  a 
critical  factor;  evidence  reported  below  suggests  it  is  not. 

The  procedure  employed  was  as  follows.  Each  subject  was  seated 
before  the  turntable  and  the  instructions  were  rend  to  him.  A  given 
knob  was  then  presented  to  the  blindfolded  subject  who  felt  it  for 
1  second.  The  experimenter  then  rotated  the  turntable  to  a  pre¬ 
designated  point  and  the  subject  went  from  knob  to  knob,  feeling  each 
one  in  turn  until  he  found  and  reported  what  he  thought  was  the  test 
shape.  The  same  procedure  was  followed  for  each  of  the  knobs,  once 
while  the  subject  used  his  bare  hand  and  once  while  he  wore  a  medium 
weight  flying  glove  (A-ll-A). 

The  conditions  of  bare  hand  and  glove  were  counterbalanced  so  that 
half  the  subjects  started  their  test  under  one  condition  and  the  other 
half  under  the  other.  In  addition,  the  order  in  which  the  test  and 
comparison  knobs  were  presented  was  varied  systematically  in  order 
to  check  intraserial  effects. 

In  both  investigations  two  types  of  errors  were  recorded.  The  first 
was  the  obvious  case  in  which  a  subject  incorrectly  identified  one  shape 
as  another.  The  second  was  called  a  hesitation  error  and  was  defined 
ns  the  case  in  which  a  subject  spent  more  than  the  allotted  second  in 
handling  an  incorrect  shape,  but  did  not  identify  that  shape  as  the 
correct  one.  This  type  of  pause  might  well  be  undesirable  in  the 
operation  of  controls  in  the  cockpit. 

A  paired-comparisons  follow-up  study  was  conducted  using  the 
eight  best  shapes  of  the  first  investigation.  This  investigation  is 
described  in  a  later  section. 
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The  subjects  in  these  investigations  consisted  of  two  separate  sam* 
pies  of  40  Army  Air  Forces  pilots  who  appeared  to  be  representative 
of  the  pilot  population. 

RESULTS 

It  was  found  that  the  order  in  which  the  test  and  comparison  shapes 
were  presented  did  not  affect  the  number  and  pattern  of  errors  appro* 
ciably,  so  that  the  data  for  the  several  different  conditions  havo  been 
combined  in  the  succeeding  analyses.  The  findings  have  been  divided 
into  two  sections:  those  concerned  with  distribution  statistics,  and 
those  dealing  with  the  pattern  of  errors. 

Distribution  Statistics 

The  distribution  statistics  for  the  two  studies  are  summarized  in 
table  14.1.  It  can  be  seen  from  this  table  that  the  percentage  of  error 


Table  14.1. — Distribution  statistics  concerning  the  errors  made  by  4®  pitots 
two  series  o/  knob  shapes  employed  in  investigations  of  shapes  for  coding 
aircraft-type  controls 


Condition 

Study  I 

Study  II 

Mcannum* 
berot  errors 

SD 

Percent 

error 

Mean  num¬ 
ber  of  errow 

SD 

Percent 

erroe 

Error,  bar*  hand . 

3.9 

2.3 

12 

3.7 

Z6 

17 

Error,  flova . 

4.8 

2.7 

19 

4.9 

zs 

n 

Hesitation,  baro  hand . 

7.2 

4.1 

29 

1.8 

1.5 

7 

Hesitation,  c  iova . 

8.7 

6.3 

40 

2.1 

J 

to 

ranges  from  12  percent  to  22  percent  and  the  corresponding  figures  for 
hesitation-type  errors  vary  from  7  percent  to  40  percent.  A  satisfac¬ 
tory  spread  of  scores  was  obtained  in  every  case.  In  this  connection 
it  might  be  noted  that  practically  every  subject  made  some  errors  of 
both  types. 

The  differences  in  table  14.1  between  performance  under  conditions 
of  bare  hand  and  while  wearing  the  flying  glovo  arc  significant  in 
most  cases  at  the  5-percent  level  of  confidence  or  better. 

In  order  to  obtain  an  estimate  of  the  reliability  of  the  method,  rank 
order  correlation  coefficients  were  computed  between  the  frequency 
of  errors  and  hesitations  under  conditions  of  baro  hand  and  whilo 
wearing  the  flying  glove.  The  figure  for  errors  was  0.70  while  for 
hesitations  it  was  0.72.  For  errors  and  hesitations  combined  the 
value  was  0.75.  This  degree  of  consistency  between  the  performance 
under  the  different  conditions  indicates  a  satisfactory  reliability  for 
the  testing  technique  for  the  present  purposes. 

One  secondary  analysis  was  performed  in  regard  to  the  frequency 
of  errors.  This  break-down  consisted  of  comparing  the  proportion 
of  errors  for  pilots  in  study  I  having  less  than  000  hours  of  flying 
experience  with  that  for  pilots  having  more  than  1,100  flying  hours. 
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While  the  more  experienced  pilots  made  a  slightly  higher  proportion 
of  errors  under  both  conditions  of  bare  hand  and  glove  than  did  the 
group  with  fewer  flying  hours,  the  differences  were  well  within  the 
range  of  values  expected  on  the  basis  of  sampling  fluctuations. 

Pattern  of  Errors 

It  was  found  that  the  pattern  of  errors  was  comparable  for,  errors 
and  hesitation-type  errors,  for  conditions  of  bare  hand  and  glove,  and 
for  the  different  orders  in  which  the  test  and  comparison  knobs  were 
presented  so  that  the  data  for  all  conditions  have  been  combined  in 
the  following  treatment. 


Ficuhe  14.3.— Error  pattern  among  25  vertically  mounted  knob  shapes. 


The  next  step  in  the  procedure  was  to  rank  each  knob  shape  accord¬ 
ing  to  two  criteria.  The  first  was  the  total  number  of  hesitations  plus 
errors  made  by  the  subjects  when  a  particular  shape  was  presented. 
The  second  was  the  total  number  of  knobs  with  which  a  given  shape 
was  confused  regardless  of  the  number  of  errors  or  hesitations  in- 
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Firi'hk  14.7. — Klcveii  vertically  mounted  knobs  employed  in  a  paired  compar¬ 
ison  follow-up  study  of  shapes  for  use  in  coding  aircraft-control  knobs. 


volvcd.  It  might  be  noted  in  passing  that  the  rank-difference  correla¬ 
tion  between  these  two  measures  was  of  the  order  of  0.f>0.  A  two-way 
table  was  then  constructed  in  which  those  knob  shapes  yielding  the 
smallest  number  of  errors  and  smallest  number  of  knobs  with  which 
the}*  were  confused  were  placed  side  by  side.  Further  refinements  in 
grouping  were  accomplished  by  an  empirical  procedure  designed  to 
obtain  the  largest  possible  number  of  knobs  with  the  fewest  intra¬ 
group  confusions.  The  resulting  two-way  tables  for  studies  I  and  II 
arc  shown  in  figures  14.3  and  14.4.  From  this  analysis  two  sets  of 
eight  knobs  were  derived  in  study  I  in  which  the  number  of  errors 
were  minimized  and  one  set  in  study  II.  These  groups  are.  set  off  by 
heavy  lines  in  figures  14.3  and  14.4.  and  the  knobs  are  shown  in  figures 
14.5  and  14.6.  The  best  set  of  eight  knobs  in  study  I  yielded  a  total 
of  six  errors  or  one-half  of  1  percent  of  the  total  number  of  errors.  In 
study  II  the  best  set  of  eight  knobs  yielded  zero  errors. 

An  examination  of  figures  14.3  and  14.4  reveals  that  in  general 
knobs  with  similar  shapes  tend  to  be  confused  with  one  another  but 
not  with  knobs  of  different  shapes.  There  is  a  suggestion  that  the 
shapes  tend  to  be  grouped  into  families  on  the  basis  of  shape,  for  ex¬ 
ample,  shapes  characterized  by  corners,  edges,  and  flat  surfaces  (cubes, 
wedges,  etc.),  with  the  errors  occurring  within  a  family,  but  not  across 
family  lines. 

Suggestive  evidence  that  the  two  modes  of  mounting  employed  in 
these  studies  were  not  critical  for  the  findings  may  be  found  in  a  com¬ 
parison  of  the  best  eight  shapes  of  each  study  in  figures  14.5  and  14.6. 
It  can  be  seen  that  four  of  the  best  knobs  in  each  study  arc  the  same  in 
shape  and  one  is  similar.  One  of  the  best  shapes  of  study  II  appeal's 
in  set  2  of  study  I.  The  remaining  knobs  were  not  used  in  both  studies. 

A  follow-up  study  was  made  of  the  best  eight  knobs  in  study  I  along 
with  three  novel  shapes  employed  in  an  “ideal”  cockpit  developed  by 
tiie  United  States  Navy  Department.  The  set-up  is  shown  in  figure 
14.7  with  the  three  Navy  knobs  in  the  top  right-band  corner.  The 
method  of  paired  comparisons  was  used  with  the  usual  precautions 
being  taken  of  counterbalancing  the  order  in  which  a  given  pair  of 
lmobs  was  presented,  and  varying  the  order  of  the  series.  Each  of  the 
11  shapes  was  paired  with  every  other  shape  including  itself  once, 
but  no  knob  followed  itself  at  any  place  in  the  series.  A  total  of  30 
AAF  pilots  was  tested  while  wearing  blacked-out  goggles,  onto  with 
flic  bare  hand  and  once  while  wearing  a  medium  weight  flying  glove 
(A-ll-A). 

In  llie  1,0S0  comparisons  a  total  of  0  errors  was  made  by  the  30 
pilots  or  about  one-half  of  1  percent.  It  is  of  interest  to  noto  that 
S  of  i  .  e  0  errors  involved  the  3  new  Navy  knobs  which  were  added 
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to  the  earlier  set,  but  the  N  is  too  small  for  the  difference  to  approach 
an  acceptable  level  of  significance. 

DISCUSSION 

On  the  basis  of  the  present  findings,  recommendations  have  been 
made  to  the  appropriate  authorities  that  action  be  taken  to  decide 
which  knob  shapes  are  to  be  employed  on  which  controls  in  the  cockpit 
and  on  radio  and  radar  equipment.  The  need  for  standardization  with 
regard  not  only  to  shape,  but  also  to  size,  position,  color,  and  mode  of 
operation  is  obvious  and  has  also  been  recommended. 

There  is  a  need  for  further  research  in  this  area  particularly  on 
such  problems  as  the  optimal  control-handle  shapes  for  different  modes 
of  control  operation,  the  use  of  mode  of  operation  as  a  cue  for  differ¬ 
ential  reaction,  and  the  type  of  color,  coiling  (e.  g.,  brightness  differ¬ 
entials)  yielding  most  accurate  and  rapid  performance  under  con¬ 
ditions  of  both  day  and  night  flying. 

SUMMARY 

These  studies  were  undertaken  as  a  basis  for  selecting  sets  of  con¬ 
trol  knobs  of  different  shapes  for  use  in  the  cockpit  and  on  radio  and 
radar  equipment  which  could  be  recognized  immediately  and  ac¬ 
curately  by  touch  in  a  situation  where  the  use  of  vision,  size,  position, 
and  mode  of  operation  was  held  constant  or  eliminated  as  a  cue. 

Two  sets  of  25  vertically  .mounted  and  22  horizontally  mounted  knob 
shapes,  including  some  knobs  now  in  use  in  aircraft  and  a  number  of 
experimental  ones,  were  presented  to  2  separate  groups  of  40  blind¬ 
folded  piiots  who  compared  each  shape  with  every  other  one  in  the 
scries.  One  test  was  made  with  the  bare  hand  and  another  while 
wearing  a  medium-weight  flying  glove.  The  findings  may  be  sum¬ 
marized  ns  follows : 

1.  A  percentage  of  errors  ranging  from  12  to  40  percent  was  found. 
Practically  every  pilot  made  several  errors. 

2.  A  significantly  greater  number  of  errors  was  made  while  wear¬ 
ing  the  flying  glove  as  contrasted  with  the  condition  of  bare  hand. 

3.  The  correlation  between  frequency  of  error  with  the  bare  hand 
and  that  while  wearing  the  flying  glove  was  0.75,  indicating  a  satis¬ 
factory  reliability  for  the  technique. 

4.  Pilots  with  larger  numbers  of  flying  hours  made  slightly,  but 
not  significantly,  more  errors  than  those  with  fewer  hours. 

5.  Two  sets  of  eight  knobs  were  found  in  the  first  study  which  yielded 
a  minimum  number  of  intra-set  errors  and  there  were  no  confusions 
among  tho  best  eight  shapes  of  the  second  study. 
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G.  A  paired  comparisons  study  of  the  best  eight  knobs  of  the  first 
study  along  with  three  additional  knobs  yielded  a  very  small  number 
of  errors. 

Recommendations  were  made  to  the  appropriate  authorities  that 
the  shapes  yielding  the  fewest  errors  in  these  studies  be  employed  on 
aircraft  equipment-,  and  that  the  use  of  these  knobs  be  standardized  on 
equipment  of  a  given  kind. 
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CHAPTER  FIFTEEN _ 

A  Study  of 

Location  Discrimination  Ability' 

Paul  M.  Fitts 


INTRODUCTION 

How  accurately  can  an  individual,  without  looking  where  he  is 
reaching,  move  his  hand  to  a  precisely  designated  location?  The  an¬ 
swer  to  this  question  is  important  for  the  design  and  location  of  ma¬ 
chine  controls  that  must  be  reached  for  and  grasped  without  the 
assistance  of  direct  vision.  Many  situations  arise  in  (lying  where  it  is 
desirablo  for  individuals  to  use  controls  in  this  manner,  such  as  when 
the  pilot  is  landing  and  docs  not  want  to  take  his  eyes  away  from  the 
ground  long  enough  to  look  down  into  the  cockpit  in  order  to  locate  a 
control,  or  when  the  radar  operator  is  watching  the  scope  face  and  does 
not  want  to  look  away  in  order  to  adjust  the  gain  control.  Yet  errors 
in  control  operation  arc  so  frequent  that  most  aircrew  members  consider 
it  inadvisable  to  operate  a  control  without  first  making  a  visual  check 
to  determine  its  identity. 

It  has  been  suggested  that  the  most  efficient  design  and  arrangement 
of  controls  for  operation  without  the  aid  of  vision  would  involvo  cod¬ 
ing  of  control  knobs  with  respect  to  shape  and  color,  differentiating  of 
controls  with  regard  to  their  mode  of  operation,  and  optimal  location 
of  controls  around  the  body.  It  is  also  proposed  that  these  character¬ 
istics  should  then  bo  standardized  in  all  aircraft.  In  the  two  preceding 
chapters  of  this  volume  have  been  reported  investigations  of  the  prob¬ 
lem  of  shape  coding.  The  present  chapter  contains  a  report  of  investi¬ 
gations  of  the  accuracy  of  aircrew  personnel  in  reaching  to  different 
positions  about  them  when  in  the  seated  position. 

The  purpose  of  the  investigation  was  to  determine  the  magnitude  of 
errors  made  in  positioning  the  hand  to  a  number  of  locations  of  equal 
distance  but  varying  directions  from  tho  body.  The  study  also  in¬ 
cluded  an  investigation  of  the  direction  of  positioning  errors  and  tho 

•This  r'.ipt-r  Is  based  upon  research  finding.!  reported  In  Headquarter*  AMC,  Engineer* 
tug  Dlvlsl.n,  Memorandum  Report  So.  TSEAA-C01-1D. 
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constancy  of  these  error  patterns.  Tin*  stmly  was  planned  in  relation 
to  a  practical  equipment  design  problem,  but  it  is  felt  that  several 
basic  questions  of  human  motor  abilities  are  involved. 

APPARATUS 

The  apparatus  employed  in  the  present  study  consisted  of  a  wooden 
framework  on  which  were  mounted  20  paper  targets  arranged  sym¬ 
metrically  around  the  midpoint  of  the  shoulders  of  a  seated  subject.  A 
photograph  of  the  apparatus,  with  one  side  removed  to  give  a  view  of 
the  subject,  is  shown  in  figure  15.1. 

Each  target  was  placed  at  a  distance  of  30  inches  from  the  reference 
point  and  was  mounted  perpendicular  to  a  line  connecting  it  to  the  ref¬ 
erence  point.  Seven  targets  were  located  level  with  the  reference  point, 
otic  directly  in  front  of  the  subject  and  three  on  either  side.  The  side 
.  targets  were  45°,  90°,  and  135°,  respectively,  away  from  the  one 
directly  in  front.  These  seven  targets  are  referred  to  as  “center”  (C) 
targets.  Seven  targets  were  placed  45°  higher  than  the  level  of  the 
reference  point  and  directly  above  each  of  the  center  targets.  Six 
other  targets  were  placed  45°  lower  than  the  reference  point  and 
directly  below  the  six  center  targets  on  either  side.  The  target  space 
directly  in  front  of  and  below  the  reference  point  was  required  for  the 
subject’s  logs.  The  space  directly  behind  the  subject  was  not  used, mor 
was  the  space  directly  above  his  head  or  directly  beneath  him. 

A  30-inch  distatice  from  the  mid-point  of  the  shoulders  to  the  targets 
was  chosen  because  anthropological  data  on  AAF  personnel 2  show  that 
30  inches  from  the  mid-point  of  the  shoulders  is  the  maximum  distance 
at  which  controls  can  be  placed  if  it  is  desired  that  more  than  95 
percent  of  the  population  be  able  to  reach  them  easily. 

The  paper  targets  were  14  inches  square.  The  target  pattern  con¬ 
sisted  of  a  series  of  six  concentric  circles.  The  radius  of  the  inner  circle 
or  bull’s-eye  was  one-half  inch  and  the  radius  of  each  succeeding  circle 
incrensc.l  by  one  additional  inch.  Each  target  was  divided  into 
quadrants  by  two  diagonal  lines  which  passed  through  the  center  at 
angles  45°  from  the  vertical.  Since  it  was  the  purpose  of  the  investi¬ 
gation  to  study  the  ability  of  individuals  to  reach  to  various  locations 
while  looking  elsewhere,  and  not  while  in  complete  darkness,  a  constant 
visual  reference  was  provided.  Two  small  red  lights  located  forward 
of,  level  with,  and  equidistant  from  the  subject’s  eyes,  and  45°  apart, 
were  used  for  this  purpose.  A  special  pair  of  goggles  was  provided 
which  permitted  subjects  to  see  only  the  red  lights.  Apertures  in 
these  goggles  made  it  necessary  for  subjects  to  hold  their  heads  in 
a  forward-looking  position  in  order  to  keep  the  reference  lights  in 

*  Rnmlnll,  Y.  K.,  ct  nl.  Human  bmly  »l;e  In  military  aircraft  anil  personal  equipment. 
AAF  T.rbnUnl  Kej.ort  No.  5501.  AAF  Air  Mntfrlol  Comma  nit.  Wright  FleU  June  X04fl. 

203 


<  . . 


view.  This  insured  a  relatively  constant  head  position  during  the 
test  trials. 

Each  subject  was  provided  with  a  marker,  about  tho  size  of  a 
toggle  switch  handle,  which  had  a  sharp  point  that  permitted  him  to 
mark  the  tarlcets  by  pressing  against  the  paper. 

An  adjustable  stool  and  a  footrest  were  provided.  A  stool  without 
a  back  was  employed  since  tho  pilot  or  other  aircrew  member  ofton 
leans  forward  in  his  seat  while  operating  his  equipment  and  in-  this 
case  obtains  no  position  cues  from  the  back  of  his  seat. 

PROCEDURE 

Test  Administration 

Subjects  were  seated  in  the  apparatus  and  the  height  of  tho  stool 
was  adjusted  until  the  mid-point  of  each  individual’s  shoulders  was  at 
the  reference  point.3  The  purpose  of  the  study  and  the  experimental 
procedures  were  explained.  Subjects  were  told  that  different  targets 
would  be  designated  in  turn  and  that  their  task  would  be  to  reach  with 
one  smooth  motion  to  the  position  where  they  thought  the  target  was 
located  and  to  mark  the  first  point  of  contact.  Left-hand  targets  were 
marked  with  the  left  hand;  forward  and  right-hand  targets  with  the 
right  hand.  For  purposes  of  this  report  each  vertical  row  of  three  tar¬ 
gets  is  numbered  from  one  to  seven  beginning  with  the  extreme  left- 
hand  target.  The  middle  target  in  each  vertical  row  of  three  is  called 
the  “center”  (C)  target,  the  upper  one  is  called  the  “up”  (U)  target, 
and  the  lower  one  the  “down”  (D)  tai*get. 

Each  subject  was  given  a  series  of  (50  practice  trials,  three  trials 
to  each  of  the  20  targets.  In  the  practice  sequence  two  successive  trials 
were  given  to  each  target  so  that  subjects  could  observe  their  errors  on 
tho  first  trials  and  attempt  to  make  corrections  on  tho  second.  Tho 
final  20  practice  trials,  one  to  each  target,  were  given  in  a  randomized 
order.  Subjects  were  permitted  to  remove  their  goggles  after  each 
trial  and  look  where  they  had  marked.  Those  practice  trials  were 
given  immediately  before  the  test  proper. 

During  the  actual  test  each  subject  was  given  100  trials,  followed 
by  a  5-minute  rest  period  and  then  another  100  trials.  The  sequcnco 
of  trials  was  randomized,  but  no  target  ever  followed  itself.  Each 
target  received  a  total  of  10  trials.  Subjects  were  permitted  to  removo 
their  goggles  after  each  trial  and  secure  immediate  knowledge  of 
results.  A  signal  light  which  flashed  every  7  seconds  was  used  by  tho 
examiner  in  standardizing  the  rate  at  which  targets  were  marked. 
The  examiner  sat  directly  behind  the  subject.  If  the  subject  missed 
the  target  entirely,  the  examiner  recorded  the  miss  and  the  direction 

1  ttpatjr  ilorlnrfc  and  Peter  S.  McKhvcii  rnn  most  of  tin-  subjects  In  thU  experiment  and 
n“'isied  In  tjctcloplng  the  nppantua  and  niinl>zlti^  the  data.  Mr».  Kathryn  I).  Young  and 
Slilrl-  y  Conn  !1  also  assisted  In  the  study. 
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of  the  error.  If  the  -jubject  attempted  to  mark  a  wrong  target,  the 
examiner  slopped  him  and  the  trial  was  repeated. 

Ten  of  (he  subjects  used  in  the  major  investigation  were  run  for 
200  additional  trials  on  each  of  *2  successive  days  in  order  to  obtain 
data  on  changes  in  accuracy  scores  and  changes  in  error  patterns  with 
additional  practice.  The  standard  procedure  was  followed  during 
this  period  and  knowledge  of  results  was  given  after  each  trial.  The 
order  in  which  targets  were  marked  was  in  a  different  randomized 
order  for  each  successive  day. 

The  group  of  50  subjects  used  in  the  major  study  was  unselected  as 
regards  hand  preferences.  On  a  short  handedness  questionnaire,  1 
man  was  markedly  left-handed  and  5  men  showed  a  mixed  preference. 
Scoring  Procedures 

Targets  were  scored  for  over-all  accuracy  by  the  following  pro¬ 
cedure.  A  mark  in  the  center  or  bull's-eye  of  the  target  was  scored 
zero  and  the  marks  in  subsequent  circles  were  scored  one,  two,  three, 
four,  and  five,  respectively.  Any  mark  which  fell  outside  of  the  out¬ 
ermost  circle  was  scored  six.  Since  ail  marks  that  were  farther  than 
five  inches  from  the  center  circle  were  arbitarily  recorded  as  six,  the 
scoring  procedure  did  not  give  full  weight  to  misses  that  were  quite  far 
from  the  center.  The  average  accuracy  score,  nevertheless,  is  a  close 
approximation  of  the  average  distance  in  inches  of  the  marks  from  the 
exact  center  of  each  target.  A  small  score  indicates  accurate  per¬ 
formance. 

Targets  were  also  scored  in  terms  of  the  direction  of  each  mark  from 
the  center.  Since  targets  were  laid  off  into  quadrants,  a  top  (No.  1), 
a  right  ( No.  2) ,  a  bottom  (No.  3) ,  and  a  left  (No.  4) ,  it  was  possible  to 
record  the  total  number  of  marks  in  each  sector.  This  total  for  each 
quadrant  was  broken  down  into  the  number  of  marks  within  and  out¬ 
side  of  the  outermost  target  ring.  The  latter  figure  gives  the  number 
of  attempts  in  which  the  response  was  more  than  5*4  inches  away  from 
the  exact  center  of  the  target. 


UF.SULTS 

Analysis  of  Accurary  Data 

The  average  accuracy  score  for  all  50  subjects  on  each  of  the  20 
targets  was  3.27  or  an  average  error  of  somewhat  more  than  3  inches. 
A  total  of  15.6  percent  of  the  10,000  trials  made  by  all  subjects  re¬ 
sulted  in  marks  outside  of  the  outermost  circle.  In  other  words,  15.6 
percent  of  all  trials  were  in  error  by  more  than  5t/2  inches.  The 
accuracy  scores,  however,  varied  greatly  from  target  to  target.  In 
order  to  study  systematically  the  influence  of  target  position  upon 
accuracy  of  location  discrimination,  three  comparisons  were  made: 
(1)  a  comparison  of  average  accuracy  in  reaching  for  all  targets  on 
the  right,  and  for  all  targets  on  the  left ;  (2)  a  comparison  of  accuracy 
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in  reaching  for  targets  directly  forward,  and  for  targets  to  cither 
bide  of  the  forward  position;  and  (3)  a  comparison  of  averago  ac¬ 
curacy  in  reaching  for  targets  above,  even  with,  and  below  the  level 
of  the  shoulder.  For  the  right-left  comparison  an  average  score  for 
all  right-side  targets  was  compared  with  the  average  score  for  all  left¬ 
side  targets.  For  the  front-back  comparison,  all  targets  which  were 
at  equal  angular  distances  from  the  front  including  both  right-  and 
left-side  targets  were  grouped.  Similarly  for  the  up-down  comparison 
all  targets  at  the  same  angular  elevation  where  grouped  (except  that 
targets  4U  and  4C  were  omitted,  since  there  was  no  4D  target).  In 
making  each  of  these  comparisons  a  new  distribution  of  combined 
scores  w’as  made  for  each  group  of  targets  in  question,  and  means, 
standard  deviations,  and  intercorrelations  for  these  distributions  were 
computed. 

In  table  15.1  are  summarized  t!  basic  findings  for  each  individual 
target.  The  mean  accuracy  scores,  and  the  percent  of  marks  that  oc¬ 
curred  in  each  of  the  four  sectors  of  each  target ‘are  given.  In  table 
15.2  are  given  the  mean  accuracy  scores,  standard  deviations,  and 
correlations  of  scores  for  various  combinations  of  targets.  In  figure 
15.2  the  same  data  are  represented  graphically.  In  this  figure  a  dia¬ 
gram  of  the  different  targets  has  been  made  in  which  the  diameter  of 
each  target  is  proportional  to  the  mean  accuracy  score.  The  four 
small  circles  in  the  quadrants  of  each  target  have  a  relative  diameter 
proportional  to  the  total  number  of  marks  in  each  sector. 

Table  151.— Mean  accuracy  scores,  standard  deviations,  proportion  of  marks  f» 
each  target  sector,  and  proportion  of  major  errors  in  each  target  sector  for 
the  20  different  target  areas 
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Left-right  comparison.— From  an  inspection  of  table  15.2  it  will 
noted  that  the  average  accuracy  score  on  the  nine  right-hand  targets 
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Tahms  l5.2.~J/r(in.t,  standard  deviation*,  corn  fat  ions,  and  l  values  for  combined 
scores  on  selected  groups  of  targets 
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was  better  than  the  average  score  on  the  nine  left-hand  targets.  The 
difference  is  significant  at  the  1-perccnt  level  of  confidence. 

Tho  right-left  comparisons  are  based  on  a  total  of  00  trials  to 
each  sido  for  each  subject.  A  correlation  of  0.81  between  scores  for 
tho  two  sides  indicates  a  satisfactory  level  of  reliability  of  the  test 
procedure,  since  the  reliability  of  the  total  test  would  be  considerably 
higher. 

Front-back  comparison. — From  an  inspection  of  table  15.1  it  will 
bo  noted  that  the  two  targets  located  directly  in  front  of  the  subject 
(targets  4U  and  4C)  were  marked  with  considerably  greater  accuracy 
than  any  other  targets.  The  average  score  for  these  two  targets  was 
better,  at  the  1-percent  level  of  confidence,  than  the  score  on  any 
other  individual  target  or  group  of  targets.  Referring  to  table  15.2 
for  a  comparison  of  targets  at  different  distances  to  either  side,  it  will 
he  noted  that  the  average  score  on  targets  located  45°  away  from  center 
(rows  3  and  4)  did  not  differ  appreciably  from  the  average  score  on 
targets  located  90°  away  from  center  (rows  2  and  5).  The  small 
difference  that  was  found  could  easily  have  occurred  by  chance.  Ac¬ 
curacy  in  marking  the  rows  of  targets  located  135°  to  the  rear  (rows  1 
and  7)  was  considerably  poorer  than  for  targets  nearer  tho  front.  The 
difference  is  highly  significant  statistically  and  is  of  practical  im¬ 
portance.  It  can  bo  concluded  from  these  findings  that  individuals 
can  reach  most  accurately  to  positions  directly  in  front  of  them,  that 
they  can  reach  with  somewhat  less  accuracy  to  positions  ns  much  as 
90°  to  the  side,  and  with  far  less  accuracy  to  positions  more  than 
90°  to  tho  side. 

Up-down  comparison. — It  will  be  noted  in  table  15.2  that  targets 
located  at  45°  below  tho  level  of  the  shoulders  were  reached  for  with 
somewhat  greater  accuracy  than  horizontal  targets,  and  that  targets 
located  45°  above  tho  horizontal  were  located  least  accurately.  The, 
difference  between  up  and  center  targets  is  significant  at  the  1-percent 
level  of  confidence  and  tho  difference  between  tho  center  and  down  tar¬ 
gets  at  tho  3-percent  level.  Of  the  two  targets  directly  in  front  of 
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the  individual  the  center  one  was  located  more  accurately  than  the 
upper  one. 

Analysis  of  Error  Patterns 

Data  on  the  distribution  of  marks  in  each  quadrant  of  each  target 
arc  given  in  table  15.1  and  are  shown  graphically  in  figure  15.2.  If 
marks  had  been  distributed  equally  about  the  center  of  each  target, 
25  percent  of  the  marks  would  have  fallen  in  each  quadrant.  Apply¬ 
ing  the  Chi  Square  Te&t  to  this  hypothesis,  it  was  found  that  in  only  1 
target  (target  2D)  out  of  the  20  could  the  total  distribution  of  all 
marks  be  accounted  for  by  chance  variation  from  an  unbiased  pattern. 

Several  systematic  characteristics  of  the  error  patterns  can  be  noted. 
On  all  except  three  of  the  11  targets  marked  with  the  right  hand, 
including  the  two  center  targets,  individuals  tended  to  reach  too  far 
to  the  rear;  that  is,  errors  were  made  toward  the  back  more  frequently 
than  toward  the  front.  On  seven  of  the  nine  targets  marked  with  the 
left  hand,  errors  also  were  made  more  frequently  toward  the  rear. 
It  also  was  found  that  on  all  seven  upper  targets  the  majority  of 
marks  were  too  low.  In  the  case  of  four  of  the  six  targets  located 
downward  the  most  frequent  error  was  to  reach  too  high.  However, 
in  the  case  of  the  two  targets  located  downward  and  directly  on  either 
side  (targets  2D  and  CD)  the  predominant  tendency  was  to  reach 
too  low. 

An  inspection  of  the  error  pattern  data  given  in  table  15.1  and  rep¬ 
resented  graphically  in  figuro  15.2  shows  a  high  degree  of  mirroring 
with  regard  to  the  direction  of  the  error  patterns  for  corresponding 
right-  and  left-hand  targets.  In  eight  cases  out  of  nine,  when  the 
error  pattern  on  a  left-hand  target  was  predominately  toward  the 
front  or  toward  the  back,  the  error  pattern  in  the  corresponding  right- 
hand  target  was  found  to  be  predominately  in  the  same  direction.  To 
a  lesser  extent  corresponding  up  and  down  targets  gave  mirrored  error 
patterns. 

Analysis  of  Learning  Data 

In  the  learning  study  it  was  found  that  the  10  subjects  tended  to 
improve  in  over-all  accuracy  from  day  to  day.  The  average  accuracy 
score  of  the  group  on  all  20  targets  was  3.18  for  the  first  day,  2.85  for 
the  second  day,  and  2.73  for  the  third  day.  The  difference  between 
first  and  third  day  was  highly  significant.  Improvement  wns  shown 
in  locating  practically  all  targets,  the  differences  in  scores  for  indi¬ 
vidual  targets  between  the  first  and  third  day  being  highly  significant. 

The  error-pattern  data-  for  the  three  successive  days  were  analyze  d 
as  follows.  The  two  sectors  of  each  target  that  had  been  marked  most 
frequently  by  the  50  subjects  in  the  first  study  were  determined.  The 
total  number  of  marks  which  the  learning  group  made  in  theso  two 
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sectors  of  each  target  was  determined  for  each  day,  including  tho 
first  day  when  they  were  a  part  of  the  larger  group.  These  data  vero 
combined  for  all  20  targets.  It  was  found  that  on  the  first  day  tho 
learning  group  placed  GO.G  percent  of  all  marks  in  tho  two  sectors  of 
each  target  marked  most  frequently  by  the  total  group  of  which  they 
were  a  part.  On  the  second  day  the  learning  group  placed  6G.-1  percent 
of  all  marks  in  these  same  quadrants  and  on  the  third  day,  61.1  percent. 
Further  analysis  showed  that  for  8  of  the  20  targets  the  original  group 
placed  more  than  70  percent  of  all  marks  in  the  2  most  frequently 
marked  sectors  of  each  target.  The  percent  of  all  marks  mado  by  tho 
learning  group  on  these  same  8  targets  was  75.0  percent  for  the  first 
day,  7G.G  for  the  second,  and  73.3  for  the  third.  It  should  be  remem¬ 
bered  in  connection  with  these  findings  that  subjects  were  given  knowl¬ 
edge  of  results  after  each  trial  and  had  opportunity  to  correct  their 
errors.  It  should  be  pointed  out  also  that  any  errors  of  measurement 
(unreliability  of  testing  procedures)  on  the  first  day  would  have 
resulted  in  a  lower  incidence  of  marks  (closer  to  the  expected  50  per¬ 
cent)  on  subsequent  days  for  the  two  sectors  marked  most  frequently 
on  the  first  day.  From  the  learning  data  it  can  be  concluded,  there¬ 
fore,  that  error  patterns  were  highly  stable.  Tho  directional  char¬ 
acteristics  of  the  patterns  did  not  change  appreciably  with  additional 
practice  accompanied  by  knowledge  of  results,  even  though  tho  over¬ 
all  scatter  of  marks  became  less. 

DISCUSSION  OF  RESULTS 

The  findings  with  regard  to  the  areas  to  which  typical  individuals 
can  reach  most  accurately  could  possibly  be  explained  by  reference  to 
the  muscle  groups  employed  and  the  relative  ease  of  reaching  to  tho 
different  locations.  An  alternative  explanation  could  bo  mado  by 
reference  to  previous  habits  and  more  frequent  experience  in  reaching 
forward  and  downward  than  in  reaching  backward  and  upward.  Tho 
slight  superiority  of  the  right  hand  over  the  left  hand  is  in  agreement 
with  findings  from  many  other  studies. 

Tho  data  on  accuracy  of  discrimination  may  have  been  influenced  by 
tho  fact  that  the  visual  reference  lights  wero  located  in  a  forward 
position.  It  would  be  worth  while  to  simulato  the  condition  existing 
when  an  individual  has  his  head  turned  and  is  looking  to  ono  side,  and 
to  study  location-discrimination  ability  for  various  areas  while  visual 
reference  is  other  than  directly  forward.  It  would  be  of  interest,  also, 
to  study  the  effect  of  no  lights  and  of  only  one  light. 

Two  different  hypotheses  can  be  suggested  to  account  for  tho  error- 
pattern  data.  Ono  hypothesis  is  that  the  error  patterns  aro  primarily 
a  function  of  the  proprioceptive  and  tactual  cues  available  and  the 
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muscle  groups  employed  in  reaching  to  different  locations.  It  is 
possible,  on  the  other  hand,  that  <r  *ction  of  error's  for  any  particular 
target  is  a  function  of  the  over  d  pattern  or  gestalt  of  targets  em¬ 
ployed.  The  finding  that  most  individuals  make  error's  toward  the 
center  of  each  vertical  row  of  three  targets  suggests,  for  example,  that 
there  may  be  a  tendency  to  make  errors  toward  the  center  of  a  group 
of  associated  controls. 

These  questions  cannot  be  settled  by  reference  to  the  present  data, 
and  must  await  the  results  of  further  studies.  It  is  proposed  to  study 
the  effect  on  location  discrimination  ability  of  different  points  of  origin 
for  the  reaching  movement  and  to  study  the  accuracy  of  location  dis¬ 
crimination  in  three  dimensions  for  a  number  of  points  closer  to  the 
body  than  the  maximum  extent  of  reach.  The  hypothesis  is  sug¬ 
gested,  in  connection  with  the  latter  study,  that  individuals  will  be 
able  to  position  their  hands  more  accurately  in  cases  where  it  is  possible 
to  use  a  cue  of  extent  of  movement  or  to  judge  the  position  of  the  hand 
in  relation  to  the  effort  involved  in  making  movements  of  different 
amounts.  It  should  be  remembered  that  in  the  present  investigation 
distance  of  movement  was  constant,  since  the  surface  of  the  target 
was  perpendicular  to  the  direction  of  movement  of  the  hand,  and 
therefore  that  extent  of  movement  was  not  employed  as  a  cue. 

With  regard  to  the  application  of  the  findings  of  this  study  to  the 
location  of  control  equipment,  several  conclusions  are  made.  For 
greatest  accuracy  in  locating  a  control  without  the  aid  of  direct  vision 
the  control  preferably  should  be  located  directly  in  front  of  the  indi¬ 
vidual,  and  if  this  is  not  possible,  then  no  farther  to  the  rear  than 
directly  at  the  side.  Controls  preferably  should  bo  located  below  the 
level  of  the  shoulders  and  if  this  is  not  possible  then  certainly  not 
much  above  shoulder  height.  With  regard  to  the  distance  by  which 
controls  should  be  separated,  if  it  is  desired  to  make  it  very  unlikely 
that  an  operator  will  grasp  a  control  by  mistake,  it  appears  that 
roughly  a  6-inch  separation  is  necessary  for  controls  that  are  located 
at  arms’  reach  and  in  ono  of  the  preferred  areas,  and  approximately 
twice  that  separation  for  controls  located  to  the  rear  of  the  subject  or 
at  tho  sido  above  the  level  of  his  shoulders.  Smaller  distances  could 
be  used  if  operators  aro  to  bo  highly  trained. 

SUMMARY 

1.  A  study  was  made  of  the  accuracy  of  50  pilot  subjects  in  reaching 
to  20  targets  mounted  in  different  areas  around  them  and  at  distances 
of  30  inches  from  the  mid-point  of  the  shoulders.  Visual  reference 
was  provided,  but  vision  of  the  target  or  the  body  was  excluded. 

2.  When  tho  data  were  analyzed  in  terms  of  average  accuracy  of 
location  discrimination,  it  was  found  that  accuracy  was  best  for  for- 
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ward  areas.  For  areas  on  either  side,  accuracy  was  best  for  areas 
lower  than  the  level  of  the  shoulders  and  for  areas  near  the  front. 

3.  Consistent  error  patterns  were  found  for  each  target  area.  In¬ 
dividuals  tended  to  reach  too  low  for  targets  located  above  the  level  of 
their  shoulders,  too  far  to  the  rear  for  targets  located  on  cither  side, 
and  too  high  for  targets  below  shoulder  level. 


CHAPTER  SIXTEEN _ 

Principles  of  Control  Arrangement 
for  Sequential  Operation' 

Norman  L.  Murray 


INTRODUCTION 

In  navigating  and  bombing  operations  radar  operators  use  com¬ 
plicated  control  equipment  involving  levers  and  knobs  which  are 
manipulated  in  response  to  complex  visual  stimuli.  Frequently,  in  an 
attempt  to  meet  space  and  weight  requirements,  very  unsystematic 
control  arrangements  are  evolved.  It  is  hypothesized  that  in  the 
operation  of  complex  equipment,  arrangement  of  controls  and  in¬ 
dicators  according  to  functional  patterns  would  be  best  from  the  stand¬ 
point  of  learning  and  ease  of  operation.  Especially  should  this  bo 
true  where  speed  of  operation  is  important,  as  in  the  operation  of  “Fer¬ 
ret”  equipment  where  tho  operator  is  called  upon  to  make  a  whole 
series  of  adjustments  in  a  matter  of  seconds.  Tho  reactions  in  this  typo 
of  task  belong  in  the  categories  of  what  Brown  and  Jenkins  in  chap¬ 
ter  3  call  adjustive  and  connective  serial  reactions. 

It  is  important  to  determine  how  best  to  combino  separate  movements 
into  a  series  or  pattern  to  produce  tho  greatest  efficiency  in  terms  of 
speed,  accuracy,  and  ease  of  learning.  The  purpose  of  this  experiment 
was  to  determine  the  effects  of  two  variables  on  tho  basic  problem. 
Theso  were  regular  and  irregular  spacing  of  knobs  and  clockwise, 
counterclockwise,  and  alternate  (clockwise-counterclockwise)  rotation 
of  tho  knobs.  Tho  first  study  involved  connective  reactions,  and  the 
second  adjustive  reactions. 

APPARATUS  AND  PROCEDURE 

Tho  School  of  Aviation  Medicine  Finger  Dexterity  Test  (CMI16A) 
was  employed  as  it  seemed  well  suited  to  a  preliminary  investigation  of 

*  Tills  chapter  Is  based  upon  resenrch  findings  reported  in  Headquarters  AMC,  Engineer¬ 
ing  Division,  Memorandum  Report  No.  TSKAA-CDI-7A.  The  assistance  of  Judson  8, 
Broun  in  (he  design  of  the  experiment  and  that  of  William  0.  Jcuklns  In  analyzing  the 
data  and  preparing  the  report  la  gratefully  acknowledged. 
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this  problem.  This  test  consists  of  a  board  in  which  48  square  holes 
arc  cut;  round-headed  pegs  with  square  bases  are  inserted  in  the  holes. 
The  basic  task  is  to  lift  the  pegs  from  the  holes,  rotate  them  180°,  and 
reinsert  them  in  the  holes. 

Eight  problems  or  tasks  were  set  up.  The  first  G  problems  dealt  with 
the  direction  of  rotation  of  24  pegs  arranged  in  a  linear  pattern  on  the 
first  and  second  rows  of  the  board.  The  last  2  problems  involved  the 
manipulation  of  24  pegs  arranged  regularly  and  irregularly  over  the 
entire  board.  In  problem  1  the  subjects  were  required  to  work  from  left 
to  right  across  the  board  rotating  the  pegs  through  180°  in  a  clockwise 
direction  (C\V)  and  then  back  along  the  second  row  from  right  to  left. 
Problem  2  was  identical  with  the  preceding  one  except  that  the  rota¬ 
tion  was  counterclockwise  (CCW) .  In  problem  3  the  subjects  were  re¬ 
quired  to  work  from  left  to  right  across  the  board  and  back  from  right 
to  left  along  the  second  row.  The  odd  pegs  were  rotated  clockwise  and 
the  even  pegs  counterclockwise  through  180°  (A).  In  problem  1-a 
tho  subjects  were  required  to  work  from  right  to  left  across  the  board 
rotating  the  pegs  through  180°  in  a  clockwise  direction  and  then  back 
along  the  second  row  from  left  to  right.  Problem  2-a  was  identical  to 
the  preceding  one  except  that  the  rotation  was  counterclockwise.  In 
problem  3-a  the  subjects  were  required  to  work  from  right  to  left 
across  the  board  and  back  from  left  to  right  along  the  second  row.  The 
odd  pegs  were  rotated  clockwise  and  the  even  pegs  counterclockwise 
through  180°.  In  problem  4  the  subjects  manipulated  24  pegs  arranged 
regularly  on  the  4  rows  of  the  board  with  every  other  peg  removed. 
The  subjects  worked  from  left  to  right  along  the  first  row,  from  right 
to  left  along  the  second  row,  then  left  to  right  along  the  third  row  and 
back  across  the  fourth  row  from  right  to  left.  Problem  5  was  identi¬ 
cal  with  the  preceding  one  except  that  the  pegs  were  arranged  in  ir¬ 
regular  order.  In  the  latter  two  problems  there  were  six  pegs  per 
row  and  the  distance  traveled  was  the  same  in  both  cases.  Tho  three 
pegboanl  arrangements  are  illustrated  in  figure  16.1. 

It  will  be  noted  that  paired  problems  1  and  1-a,  2  and  2-a,  and  3  and 
3-a,  respectively,  are  essentially  the  same.  They  differ  in  that  the 
subjects  were  lequired  to  begin  at  the  upper  left  and  work  to  the 
right  in  1,  2,  and  3,  and  to  begin  at  the  upper  right  and  work  to  the 
left  in  1-a,  2-a,  and  3-a.  Comparisons  arc  made  in  the  results  section 
between  the  1-r  and  r-1  conditions. 

The  subjects,  Army  Air  Forces  pilots,  were  divided  into  2  groups 
of  24  each.  The  first  group  was  tested  with  problems  1,  2,  3,  4,  and 
5.  The  second  group  was  tested  with  problems  1-a,  2-a,  3-a,  4,  and 
5.  The  subjects  were  seated  at  a  table  and  the  peg  board  was  placed  in 
such  a  manner  that  the  center  of  the  board  in  its  long  dimension  was 
alined  with  the  midline  of  tho  body.  The  subjects  were  given  instruc- 
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Figuue  10.1.— regboard  arrangements  for  problems  CW,  CCW, 

A.  R, 

and  I. 

tions  which  defined  the  specific  task  at  the  beginning  of  each  now 
problem  and  were  told  the  number  of  times  it  was  to  be  performed. 
Four  trials  were  given  on  each  problem  and  each  trial  was  timed  with 
a  stopwatch.  The  time  scores  from  the  four  trials  were  averaged  and 
tho  individual  mean  scores  were  used  in  computing  the  group  means, 
standard  deviations,  correlation  coefficients,  and  critical  tatios. 

A  counterbalanced  experimental  order  was  used,  involving  48  sub¬ 
jects.  As  has  been  pointed  out,  24  of  the  subjects  were  tested  on  prob- 
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Icins  1,  2,  and  3,  in  which  the  subjects  worked  from  left  to  right,  while 
the  second  group  of  24  were  run  on  problems  1-n,  2-a,  and  3-a,  in 
which  the  subjects  worked  from  right  to  left,  and  the  data  from  the 
two  groups  were  combined.  All  subjects  were  run  on  problems  4  and 
5  which  arc  referred  to  hereafter  as  R  (regular)  and  I  (irregular). 
Half  of  the  subjects  started  with  four  trials  on  I  (I-R  group)  and 
the  other  half  started  with  four  trials  on  It  (R-I  group) ;  in  each 
case  the  first  four  trials  were  followed  by  four  of  the  other  condition. 

RESULTS 

Direction  of  Peg  Rotation 

In  the  first  six  problems,  clockwise,  counterclockwise,  and  alternate 
(clockwise-counterclockwise)  rotation  of  the  pegs  was  investigated. 
Since  in  the  first  six  problems  one-half  of  the  group,  i.e.,  24  subjects, 
began  at  the  left  and  worked  to  the  right,  and  the  other  24  subjects 
began  at  the  right  and  worked,  to  the  left,  it  seemed  desirable  before 
combining  the  data  to  compare  the  left  starters  with  the  right  starters. 
An  examination  of  the  mean  time  scores  reveals  that  there  is  no  signifi¬ 
cant  difference  in  mean  scores  for  the  groups  that  began  from  left  to 
right  as  compared  with  the  ones  beginning  from  right  to  left.  The 
critical  ratios  were  0.4, 0.0,  and  1.7,  respectively,  for  the  two  orders  of 
starting  on  the  CIV,  CCW,  and  A  problems.  It  seems  appropriate, 
therefore,  to  combine  the  data  for  these  two  conditions. 

It  can  be  seen  from  table  16.1  that  CW  is  slightly  better  than  CCW 
hut  not  significantly  so,  the  critical  ratio  being  0.87.  It  is  interesting 
to  note  here  that  some  subjects  remarked  that  CCW  seemed  to  bo  an 
easier  task  than  CW,  although  on  no  single  occasion  did  the  time  scores 

Tabu:  10.1. — Summary  of  the  data  for  clockwise  {GW),  countcrclockioise  {COW), 
and  clocktcisc-countcrclockwisc  (A)  rotation  of  pegs  in  control  arrangement 
experiment 
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support  the  observation.  CW  and  CCW  are  both  statistically  signifi¬ 
cantly  better  than  A,  tho  data  yielding  a  critical  ratio  of  3.2G  for  the 
former  difference,  and  one  of  2.44  for  the  latter. 

Regular  Versus  Irregular  Spacing 

In  the  study  of  the  two  variables  R  and  I  appreciable  learning  effects 
wero  encountered.  From  table  1G.2  and  figure  16.2  it  can  bo  seen 

Table  10.2. — Menus  and  standard  deviations  of  each  trial  for  regular  (R)  and 
irregular  (I)  spacing  of  pegs  for  the  group  starting  with  R  ( R-I  group),  that 
starting  with  I  ( J-R  group),  and  the  two  combined 
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tVu'K.:  10.2.— Mean  time  seort-s  from  trials  1  to  4  for  group  I-R  and  group  R-I. 
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that  a  considerable  amount  of  learning  occurs  from  trial  1  to  trial 
4  in  the  first  set  of  four  trials,  but  there  is  no  appreciable  learning 
for  the  second  set  of  four  trials.  The  degree  of  learning  in  the  first  set 
of  four  trials  is  statisically  significant  at  the  1-perccnt  level  for  both 
the  R-I  and  I-R  groups  from  trial  1  to  trial  4. 

F or  the  R-I  group,  i.  e.,  subjects  who  began  with  four  trials  of  regu¬ 
lar  spacing  followed  by  four  of  irregular,  performance  on  the  I  condi¬ 
tion  was  significantly  better  than  on  R,  and  for  the  I-R  group,  R  was 
significantly  better  than  I.  The  means,  standard  deviations,  correla¬ 
tions,  and  critical  ratios  for  these  comparisons  are  given  in  table  16.3. 

Tam.k  10.3.-— Means  and  standard  deviations  for  ail  four  trials  averaged  for 
regular  (It)  and  irregular  (/)  spacing  of  pegs  for  the  Rr-I  group,  the  I-R 
group,  and  the  two  combined,  and  correlations  and  critical  ratios  between 
conditions 
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From  theso  data  and  from  figure  16.2  it  can  be  seen  that  the  subjects  do 
better  on  the  second  four  trials  whether  they  start  on  variable  R  or  I. 
Group  R-I  did  slightly,  but  not  significantly,  better  than  group  I-R  on 
both  R  and  I  conditions.  When  data  for  both  groups  are  combined, 
performance  under  R  and  I  conditions  is  not  significantly  different 
(CR=0.38). 

li  is  noticeable  that  the  variability  between  individuals  for  condi¬ 
tion  I  on  the  first  four  trials  is  considerably  greater  than  that  for  R. 
The  difference  in  variability  for  trial  one  is  significant  at  the  2-percent 
level  of  confidence.  Over  all,  the  critical  ratio  of  the  difference  in 
variability  between  R  and  I  on  the  first  four  trials  is  1.7. 

DISCUSSION  AND  CONCLUSIONS 

Tho  results  demonstrate  that  adjustivo  serial  reactions,  either  clock¬ 
wise  or  counterclockwise,  are  superior  to  reactions  requiring  alterna¬ 
tion  of  these  movements.  It  is  concluded  from  this  finding  that  a  group 
of  controls  that  must  be  adjusted  rapidly  in  sequential  order  should, 
if  possible,  all  operate  in  a  similar  direction. 

Clockwise  rotation  in  the  present  experiment  was  not  significantly 
better  than  counterclockwise  rotation.  It  is  suggested,  however,  that 
this  variable  might  bo  studied  further  when  all  connective  movements 
are  made  in  tho  samo  directions,  i.  e.,  always  to  tho  right  or  always  to 
tho  left.  There  was  no  significant  difference  between  the  scores  of 
those  who  began  at  tho  left  and  worked  to  tho  right  and  those  who  began 
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at  the  right  and  worked  to  the  left.  The  procedure  in  this  experiment, 
it  should  be  recalled,  was  for  one-half  the  subjects  to  work  from  left 
to  right  followed  by  rijght  to  left,  and  the  other  half  to  work  from  right 
to  left  followed  by  left  to  right,  and  each  subgroup  worked  an  equal 
number  of  rows  in  each  direction.  As  has  been  suggested,  it  would  be 
interesting  to  determine  the  results  if  the  subjects  were  required  to 
work  across  both  rows  of  the  peg  board  in  one  direction  only. 

The  lack  of  any  significant  differences  in  speed  of  performance  with 
the  regular  and  irregular  arrangements  of  pegs  could  bo  explained  in 
several  ways.  It  could  be  that  there  is  a  lack  of  any  real  difference 
between  regular  and  irregular  spacing,  although  the  curves  in  figure 
16,2  seem  to  indicate  that  learning  effects  are  distorting  the  results  and 
lend  to  obscure  the  experimental  variables.  The  test  was  carried  out 
under  direct  visual  control  of  the  subjects  and  it  may  be  that  under 
such  conditions  the  factor  of  regular  versus  irregular  spacing  is  unim¬ 
portant.  It  would  be  of  interest  to  repeat  the  study  in  the  absence  of 
vision.  Also  it  is  possible  that  in  the  particular  peg-turning  test  em¬ 
ployed,  the  time  required  for  connective  movements  is  small  in  relation 
to  the  time  required  to  make  adjustive  movements,  and  hence  the  test 
was  not  sufficiently  sensitive  for  studying  factors  affecting  the  speed 
of  connective  movements. 


SUMMARY 

1.  In  this  study  two  variables  pertaining  to  serial  reactions  were 
investigated.  The  variables  were  regular  versus  irregular  spacing  of 
pegs  and  clockwise  versus  counterclockwise  versus  alternate  clockwise- 
counterclockwise  rotation  of  pegs.  Forty-eight  Army  Air  Forces 
pilots  were  tested  on  each  of  the  variables  in  a  counterbalanced 
sequence. 

2.  The  results  indicate  that  (a)  in  this  study  clockwise  rotation  of 
pegs  is  not  significantly  belter  than  counterclockwise  rotation;  (b) 
clockwise  or  counterclockwise  rotation  of  pegs  is  significantly  superior 
to  alternation  of  these  movements;  and  (c)  there  was  no  significant  dif¬ 
ference  in  performance  between  regular  and  irregular  spacing  of  pegs. 
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CHAPTER  SEVENTEEN _ _ 

Efficiency  of  Several  Types  of  Con¬ 
trol  Movements  in  the  Perform¬ 
ance  of  a  Simple  Compensatory 

Pursuit  Task1 

Walter  F.  Grether 


INTRODUCTION 

In  many  types  of-control  operations  performed  by  human  beings, 
movements  of  the  limbs  are  made  more  or  less  continuously  in  response 
to  visual  indicators.  The  flying  of  an  airplane  is  one  such  type  of  con¬ 
trol  operation.  Relatively  little  is  known  concerning  tho  factors 
which  influence  the  efficiency  with  which  such  movements  can  bo  made. 
Many  variations  are  possible  in  the  particular  muscle  groups  being 
employed,  depending  on  tho  limbs  or  portions  of  limbs  being  used,  and 
the  direction  of  movement.  Many  factors  in  the  controls  themselves 
also  may  be  varied,  such  as  friction,  backlash,  dumping,  spring  center¬ 
ing,  mass,  extent  of  movement,  arc  of  rotation,  and  direction  of  move¬ 
ment  relative  to  the  indicator. 

A  number  of  research  studies  on  this  general  problem  arc  known  to 
have  been  carried  out  during  tho  war.  Hick  (4)  working  in  Great 
Britain  investigated  the  advantages  of  friction  versus  no  friction  in 
crank-type  controls  under  conditions  simulating  jolting  and  no  jolt¬ 
ing.  This  investigator  concluded  that  friction  increased  efficiency 
of  operation  under  jolting  conditions.  For  simple  to-and-fro  move¬ 
ments  friction  was  unfavorable  under  no-jolting  conditions.  Vince 
(7),  also  working  in  Great  Britain,  showed  that  in  general  a  nonlinear 
relation  between  a  control  and  a  display  is  undesirable.  In  another 
study  Vince  (6)  showed  that  fewer  errors  are  made  when  a  control 
moves  in  the  expected  direction  in  relation  to  tho  movement  of  the 
indicator. 

‘This  chapter  Is  based  upon  research  flmllnk's  reported  In  Headquarters  AMC,  Engineer* 
Inff  Division,  Memorandum  Report  Number  TSEAA-094-9. 
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A  number  of  German  workers  under  the  direction  of  Henschke 
(2)  studied  a  considerable  number  of  variables  which  might  be  ex¬ 
pected  to  influence  control  efficiency.  Among  the  conclusions  reached 
by  this  German  group  were  the  following:  (1)  control  is  less  efficient 
with  the  feet  anil  legs  than  with  the  arms  and  hands;  (2).  control  with 
the  entire  arm  and  shoulder  including  the  wrist  and  hand  is  more 
efficient  than  use  of  the  fingers  only ;  (3)  control  is  best  when  the  joints 
arc  at  a  moderate  degree  of  flexion;  (-1)  friction,  mass,  and  backlash 
arc  all  undesirable  in  controls;  and  (5)  a  single  control  grasped  by 
both  hands  and  moved  in  two  or  three  dimensions  can  be 'controlled 
with  greater  precision  'than  can  the  necessary  number  of  separate 
controls  having  unidirectional  movement  (3).  These  German  studies 
were,  however,  carried  out  with  small  numbers  of  subjects  and  ap¬ 
parently  were  not  given  adequate  statistical  treatment  to  establish 
significance  of  the  differences.  For  this  reason  the  German  conclu¬ 
sions  cannot  be  accepted  as  final. 

The  present  series  of  studies  was  in  part  stimulated  by  the  German 
and  British  work  cited  above  and  is  merely  the  beginning  of  a  com¬ 
prehensive  program  of  investigation.  The  purpose  of  these  studies 
was  the  measurement  of  efficiency  of  several  types  of  control  move¬ 
ments  in  the  performance  of  a  simple  compensator}'  pursuit  task. 
This  type  of  task  had  been  used  in  nr,  experimental  aircrew  selection 
test  developed  at  the  AAF  School  of  Aviation  Medicine  (1),  and  had 
been  shown  to  have  high  reliability  and  a  relatively  flat  learning 
curve.  Both  of  these  were  considered  significant  advantages  for  the 
present  investigations.  Another  reason  why  a  very  simple  control 
task  was  chosen  in  preference  to  a  more  complex  one  was  that  it  was 
consideied  advisable  to  begin  with  single-dimensional  movement  and 
reserve  multidimensional  movement  for  later  studies. 

APPARATUS 

The  apparatus  consisted  basically  of  a  Single  Dimension  Pursuit 
Test  (supplied  by  the  AAF  School  of  Aviation  Medicine)  which  was 
modified  to  suit  the  needs  of  these  particular  experiments.  The  sub¬ 
ject  was  seated  in  a  simplified  cockpit  shown  in  figure  17.1  which  pro¬ 
vided  a  pair  of  rudder  pedals  (from  a  P-47  aircraft)  and  an  inter¬ 
changeable  wheel  and  stick  (from  a  Link  trainer)  as  controls.  The 
instrument  panel  contained  a  single  autosyn  indicator  with  two  point¬ 
ers.  On  the  black  dial  of  the  indicator  were  two  white  reference  marks 
or  targets,  one  at  the  top  and  one  at  the  left  side.  The  task  of  the 
subject  was  to  keep  one  of  the  pointers  centered  on  its  corresponding 
reference  mark  by  use  of  one  of  five  possible  control  movements.  These 
movements  were  as  follows :  (1)  reciprocating  fore-and-aft  movement 
of  the  right  and  left  rudder  pedals,  with  resting  of  heels  on  floor  per- 
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Figure  17.1— Compensatory  pursuit  apparatus  used  In  the  study  of  efficiency  of 
several  types  of  control  movements. 

mitted;  (2)  lateral  (aileron)  movement  of  stick  with  preferred  hand ; 

(3)  fore-and-aft  (elevator)  movement  of  stick  with  preferred  hand; 

(4)  rotary  (aileron)  movement  of  wheel  with  both  hands;  and  (5) 
fore-and-aft  (elevator)  movement  of  wheel  with  both  hands.  With  all 
rudder  and  aileron  movements  the  upper  reference  mark  was  used. 
The  pointer  moved  to  the  right  when  the  right  rudder  was  pushed, 
when  the  stick  was  moved  to  the  right,  or  when  the  wheel  was  rotated 
clockwise,  and  vice  versa.  Thus  the  upper  pointer  was  operated  in 
much  the  same  manner  as  the  ratc-of-turn  indicator  in  air  airplane. 
The  mark  at  the  left  side  of  the  indicator  was  used  only  for  fore-and- 
aft  movements  of  the  wheel  and  stick,  and  the  pointer  moved  down¬ 
ward  in  response  to  forward  movement  of  the  control,  thus  simulating 
the  rate-of-climb  indicator.  These  seemed  to  be  the  most  natural  of 
the  available  relationships  between  indicator  and  control  movements, 
particularly  for  pilots. 

Random  movements  on  the  indicator  were  produced  by  the  cam 
follower  of  the  SAM  Single  Dimension  Pursuit  Test,  which  was  linked 
to  an  autosyn.  transmitter.  The  cam  in  this  test  was  mounted  directly 
on  the  shaft  of  a  synchronous  motor  which  was  supported  on  a  small 
wheeled  carriage  riding  on  parallel  tracks.  Compensation  for  the 
movements  of  the  cam  follower,  and  hence  the  autosyn  indicator, 
could  bo  made  by  appropriate  movements  of  the  motor  and  cam. 
To  accomplish  this  the  carriage  bearing  the  motor  was  linked  to  a 
drive  shaft  by  a  rack  and  pinion  gear.  Three  continuous  cables  from 
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the  rudder,  elevator,  and  aileron  controls  were  led  around  pulleys  on 
this  shaft.  Selection  of  the  control  to  be  linked  to  the  motor  carriage 
was  by  insertion  of  a  pin  through  the  hub  of  the  appropriate  pulley 
into  the  drive  shaft.  The  ratio  of  control  to  indicator  movement  could 
bo  varied  by  exchange  of  gears  on  the  drive  shaft. 

The  measure  of  performance  on  this  test  was  the  time  during  which 
the  pointer  on  the  indicator  was  actually  held  on  the  white  reference 
mark.  To  obtain  this  measure  a  scoring  contact,  moving  with  the  cam 
follower,  rode  over  a  stationary  inlaid  contact  and  activated  an  elec¬ 
tronic  relay.  This  relay  in  turn  energized  the  clutch  of  a  Standard 
Electric  time  clock.  A  width  of  scoring  contact  was  chosen  which 
would  allow  tho  average  subject  to  score  during  approximately  50 
percent  of  tho  testing  time.  The  width  of  the  white  reference  mark 
on  the  indicator  was  then  chosen  so  that  the  scoring  would  occur 
whenever  the  pointer  overlapped  any  part  of  the  white  area. 

Ono  of  the  two  pointers  on  the  indicator  was  always  used  with  the 
reference  mark  at  the  top  of  the  dial,  and  the  other  pointer  with  the 
mark  at  the  left  side.  Selection  of  the  pointer  to  be  used  was  by  means 
of  a  rotary  selector  switch.  A  third  position  on  the  switch  reversed 
the  direction  of  movement  of  the  upper  pointer. 

Timing  of  test  trials  was  by  means  of  a  microswitch  operated  once 
during  each  revolution  (one  IiPM)  of  the  motion-controlling  cam. 
This  switch,  connected  in  parallel  with  a  “start”  switch  on  the  experi¬ 
menter’s  panel,  controlled  the  current  to  tho  cam  and  clock  motors. 
The  test  trial  was  begun  by  closing  tho  “start”  switch,  and  was  ended 
whenever  both  this  switch  and  tho  cam  microswitch  were  open.  Thus 
tho  test  could  bo  stopped  accurately  at  any  multiple  of  1  minute. 

EXPERIMENT  1.-C0M.PARIS0N  OF  RUDDER,  STICK,  AND  WHEEL 
CONTROLS  WITH  UNEQUAL  EXTENT  OF  MOVEMENT 

Purpose 

The  purpose  of  this  experiment  was  to  compare  the  efficiency  of 
operators  in  performance  of  a  pursuit  task  using  the  following  five 
control  movements:  rudder,  elevator  (stick),,  elevator  (wheel), 
aileron  (stick),  aileron  (wheel). 

Procedure 

Twenty-four  male  subjects  were  used  in  this  experiment.  Each 
subject  reported  for  2  experimental  sessions,  usually  1  in  tho  forenoon 
and  1  in  tho  afternoon.  Half  of  tho  subjects  used  rudder  and  stick 
controls  (3  test  conditions)  in  the  morning  and  rudder  and  wheel  con¬ 
trols  (3  test  conditions)  in  the  afternoon.  For  tho  remaining  half  the 
sequenco  was  reversed.  Each  of  the  experimental  sessions  was  begun 
with  l  minute  of  practice  on  each  of  the  3  movements  (rudder,  elevator, 
aileron)  tob<  performed  during  the  test  session.  The  actual  test  con- 
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sisted  of  six  5-minute  test  periods  with  3  tost  conditions  presented  in 
counterbalanced  order.  The  G  possible  counterbalanced  orders  of  3 
conditions  were  equally  distributed  among  the  24  subjects.  For  each 
of  the  1-minute  practice  periods  and  the  5-minuto  test  periods  the  time 
score  was  recorded  on  a  suitable  data  blank. 

The  maximum  distance  of  the  control  movement  required  to  keep 
the  indicator  centered  was  approximately  as  follows  for  each  of  the 
five  controls:  rudder,  4  inches;  elevator  (stick),  8  inches;  elevator 
(wheel), 8  inches;  aileron  (stick), 8  inches;  aileron  (wheel),  11  inches. 
These  distances  have  roughly  the  same  ratio  to  one  another  as  do  tho 
maximum  distances  of  control  movement  in  aircraft.  There  is  con¬ 
siderable  variability  among  aircraft  in  the  ratios  of  these  distances. 
Results 

The  results  of  experiment  1  are  summarized  in  table  17.1,  which 
gives  the  average  time  scores  for  the  24  subjects  under  the  5  test  con¬ 
ditions.  In  the  table  are  also  given  the  differences  between  the  aver¬ 
age  scores  for  the  5  conditions  and  corresponding  critical  ratios.  Those 
differences  and  critical  ratios  which  are  significant  at  tho  1-pcrcent 
or  higher  level  of  confidence  are  marked  by  an  asterisk. 


Tabu:  17.1. — Comparison  of  control  e/Jicicnc]/  on  a  simple  compensator]/  pursuit 
task  using  rudder,  stick,  and  wheel  controls  tcith  unequal  extent  of  movement  * 

[Experiment  1.  N=24J 


, 

Typo  of  Movement 

ftmlder 

Elevator 

(stick) 

Elevator 

(wheel) 

Aileron 

(stick) 

Aileron 

(wheel) 

Prrcknt  Tims  on  Tarost 

Mean . 

51.  C8 
8.0) 

01. 1? 
IV.  72 

*-0.44 

fid.  07 
11.02 

•-9.29 
+  .IS 

53.03 

10.41 

*—4.25 
*+5. 10 
*+5.04 

54.71 

9.05 

•—3.05 

8D . . 

DirrsRSNcss 

Rudder . 

Elevator  (stick) . 

•+«.38 
*+•-23 
+1. 19 

*2.«7 

*5.31 

*0.22 

.91 

Elevator  (wheel) . 

Alleion  (stick) . 

CR 

Rudder . 

*5.  03 

*6.78 

.12 

•3. 19 
•4.M) 
•4.20 

Elevator  (stick) . 

Elevator  (wheel) . 1 

Aileron  (stick) . 

*  ) 

•  All  dlflcroneos nml  erltiwl  ratios  marked  by  an  asterisk  (*)  are  significant  lit  tin*  l-pertent  or  greater  level 
of  confidence.  Critical  ratios  were  computed  from  llie  standard  deviations  oft  lie  dl.drllmlloiis  of  Individual 
ditlerenco  scores  rather  than  from  the  distributions  of  row  scores.  Tims  each  subject  Served  as  Ids  own 
control  In  tho  statistical  analysis. 

In  determining  the  significance  of  the  differences  in  table  17.1  tho 
differences  between  scores  made  under  the  five  test  conditions  were 
computed  for  each  individual  subject.  Critical  ratios  were  then  com¬ 
puted  from  the  means  and  standard  errors  of  the  distributions  of  these 
differences  (for  exact  method  see  Peters  &  Van  Voorhis  (5),  pp.  165- 
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107).  By  this  statistical  procedure  each  subject  served  as  his  own 
control. 

Discussion 

It  is  apparent  from  table  17.1  that  control  with  the  rudder  (feet  and 
logs)  was  significantly  loss  efficient  than  with  the  stick  and  wheel 
(hands  and  arms).  Also,  the  aileron  (lateral  and  rotary)  direction 
of  control  was  less  cfiicicnt  than  elevator  (fore  and  aft)  control  for 
both  the  stick  and  wheel.  Although  performance  was  slightly  better 
with  the  stick  than  with  the  wheel,  for  both  directions  of  control,  the 
differences  were  small  and  could  have  easily  occurred  by  chance. 

These  findings  are,  however,  subject  to  a  number  of  Qualifications. 
It  will  be  recalled  that  the  extent  of  movement  was  not  equalized  for 
all  of  the  controls  and  this  fact  may  have  affected  the  results.  This 
possibility  was  checked  in  experiment  2  in  which  the  extent  of  move¬ 
ment  was  equalized  on  the  rudder  and  both  dimensions  of  stick  move¬ 
ment.  Other  possible  influences  which  could  not  be  precisely  equalized 
were  slack,  friction,  and  inertia  in  the  control  systems.  Evaluation  of 
these  factors  is  needed  in  future  studies. 

Experience  during  the  war  with  similar  tests  used  for  selection  and 
classification  demonstrated  that  the  major  cause  of  differences  in  scores 
(aside  from  the  individuals  themselves)  was  variation  in  the  effective 
width  of  the  scoring  area.  In  this  and  the  following  experiments  the 
same  scoring  contact  was  used  for  all  controls,  thus  eliminating  this 
us  a  possible  cause  of  differences  in  performance.  Both  friction  and 
inertia  (mass)  were  so  low  in  this  experiment  that  it  is  doubtful  that 
they  could  have  been  significant  influences.  Measurements  of  slack 
showed  this  to  be  virtually  zero  for  the  rudder,  inch  for  elevator 
control  (both  wheel  and  stick),  %  inch  for  aileron  movements  with 
the  stick,  and  V/»  inches  for  the  aileron  movements  with  the  wheel. 
The  poorer  performance  on  the  rudder  could  therefore  hardly  have 
been  caused  by  slack  (unless  slack  is  desirable) .  The  somewhat  poorer 
performance  for  aileron  as  compared  with  elevator  movements  with 
the  wheel  might  have  been  caused  wholly  or  in  part  by  differences  in 
slack. 

In  this  first  experiment  many  of  tiro  subjects  complained  of  eye 
strain  resulting  from  the  H -minute  test  period.  For  this  reason, 
shorter  test  periods  were  used  in  the  subsequent  experiments. 

EXPERIMENT  2.— COMPARISON  OF  RUDDER  AND  STICK  CONTROLS 
WITH  EQUAL  EXTENT  OF  MOVEMENT 

Purpose 

The  purpose  of  this  experiment  was  to  compare  the  efficiency  of 
control  on  the  pursuit  task  using  the  following  types  of  control  move¬ 
ments  with  equal  extent  of  movement:  rudder,  elevator  (stick),  and 
aileron  (stick). 
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Procedure 

Thirty-six  rated  pilots  served  as  subjects  in  this  and  the  following 
three  experiments.  Each  of  these  men  reported  for  a  y>  hour  test 
session  on  each  of  four  successive  days.  This  experiment  was  ad¬ 
ministered  on  the  second  of  these  days,  following  tho  test  reported  a 3 
experiment  3.  Tho  %-liour  session  consisted  of  six  2-minute  test 
periods  with  test  conditions  presented  in  counter-balanced  order  as  in 
experiment  1.  The  three  test  conditions  used  were  (1)  rudder,  (2) 
elevator  (stick),  and  (3)  aileron  (stick).  The  maximum  extent  of 
movement  required  on  each  control  to  keep  the  pointer  centered  was  4 
inches. 

Results 

In  table  17.2  is  presented  a  summary  of  tho  results  for  experiment  2. 
The  average  scores  for  the  several  test  conditions,  the  differences 
between  the  scores,  the  critical  ratios,  and  the  significance  of  tho  dif¬ 
ferences  are  presented  as  in  table  17.1. 


Table  17.2. — Comparison  of  control  efficiency  on  a  simple  compensatory  pursuit 
task  using  rudder  and  stick  controls  with  equal  extent  of  movement  * 

[Experiment  2.  N=:301 


Typo  of  movement 

Rudder 

Elevator 

(stick) 

Aileron 

(stick) 

P*RC*NT  Tint  ON  TiROlI 

Moon _ .. _ _ 

5S.78 

5.19 

67.93 
6.  IS 

SO.  81 
7.  OS 

8D . 

DtrmsNcu 

Rudder . . . . . . . 

•-U.IS 

•—4.05 
•+8. 10 

Elevator  (stick) . 

■■■■■■■■I 

CR 

I 

Ruddor . . . . . 

*17.17 

•189 

•11.57 

Elovator  (stick) . . . 

MMIIMII 

'  All  differences  and  critical  ratios  marked  by  an  asterisk  (•)  arc  significant  at  tbs  1-pcrecnt  or  creator 
lovcl  of  confidence.  Critical  rntios  were  computed  from  the  standard  deviations  of  tho  distributions  of 
Individual  dlOcrenco  scores,  rather  than  from  the  distributions  of  raw  scores.  Thus  each  subject  served 
as  bis  own  control  In  the  statistical  analysts. 

Discussion 

The  results  of  experiment  2  agree  closely  with  those  of  experiment 
1  in  showing  that  rudder  control  was  least  efficient,  and  that  aileron 
control  was  somewhat  less  efficient  than  elevator  control,  even  when 
the  extent  of  movement  was  equalized. 

EXPERIMENT  3.— EFFECT  OF  A  REVERSAL  IN  DIRECTION  OF  INDI¬ 
CATOR  MOVEMENT  UPON  EFFICIENCY  OF  CONTROL 

Purpose 

Tho  purpose  of  this  experiment  was  to  determine  the  effect  upon 
control  efficiency  in  performance  of  a  pursuit  task  of  a  reversal  in 
the  direction  of  indicator  in  relation  to  control  movement. 
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Procedure 

Thirty-six  rated  pilots  served  as  subjects.  These  were  the  same  men 
used  in  experiments  2, 4,  and  5.  This  experiment  was  run  during  the 
first  of  the  4%-hour  test  sessions.  Each  subject  was  given  eight 
1-minute  test  periods  during  each  test  session.  Half  of  the  subjects 
were  tested  on  the  rudder  during  the  first  four  test  trials  and  on  the 
aileron  during  the  last  four  test  trials.  For  the  remaining  half  of 
the  subjects  this  sequence  was  reversed.  Tests  using  the  rudder  were 
mado  under  two  conditions  which  were  counterbalanced  in  ABBA 
order  for  the  first  half  of  the  subjects  and  BABA  order  for  the 
remaining  half  of  the  subjects.  The  same  counterbalancing  procedure 
was  used  for  the  tests  on  the  aileron  control. 

The  two  test  conditions  used  for  the  rudder  were  (1)  rudder  direct, 
in  which  the  upper  indicator  moved  to  the  right  when  the  right  rudder 
pedal  was  pushed  and  to  the  left  when  the  left  rudder  pedal  was 
pushed,  and  (2)  rudder  reversed,  exactly  the  reverse  of  the  above- 
mentioned  condition.  The  two  test  conditions  used  for  the  aileron 
were  (1)  aileron  direct,  in  which  the  upper  pointer  moved  to  the  left 
when  the  stick  was  moved  to  the  left  and  the  pointer  moved  to  the 
right  when  the  stick  was  moved  to  the  right,  and  (2)  aileron  reversed, 
which  was  exactly  the  reverse  of  the  above-mentioned  condition.  The 
maximum  movement  required  on  the  rudder  to  keep  the  pointer  cen¬ 
tered  was  4  inches,  and  the  movement  required  on  the  aileron  was  8 
inches.  The  stick  rather  than  wheel  was  used  for  aileron  control. 
Time  scores  were  recorded  on  a  suitably  prepared  data  sheet  at  the 
completion  of  each  1-ininuto  test  period. 

Results 

In  table  17.3  are  presented  time  scores,  the  differences  in  scores  for 
direct  and  reverse  conditions,  and  the  critical  ratios  for  this  experi¬ 
ment 

Taiiu:  17.3. — Comparison  of  control  efficiency  on  a  simple  compensator y  pursuit 
task  using  rudder  and  stick  controls  tcith  direct  and  reversed  movement  on 
the  indicator ' 

(Experiment  S.  N  =  36] 


Typo  of  movement 

Rudder 

direct 

Rudder 

reversed 

Aileron 

direct 

Aileron 

reversed 

Pxrcxnt  Tim*  on  Taroxt 

Mean . 

04 

6.13 

•4.  A 

44.24 

8.80 

.in 

54.24 

4.41 

SR 

St* 

S 

80 . 

DirrxftKKcu 

Dlrori— Reversed . 

CH . 

M.09 

1.48 

>  All  diiloroncre  nmJ  crltlml  rmios  iimikrJ  by  nn  tvsterOV  (•)  we  significant  ot  the  1-pcrccnt  or  greater 
level  of  omIVtrncv.  Critical  riuloi  were  computed  from  llio  standard  deviations  of  tho  distributions  of 
ImmMujvl  dlibTence  scores.  rather  than  from  tho  distributions  of  raw  scores.  Thus  each  subject  served  m 
bis  own  control  In  the  statistical  analysis. 
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Discussion 

It  will  be  noted  in  table  17.3  that  the  difference  for  direct  and  reverse 
control  on  the  rudder  was  significant.  For  the  aileron,  however, 
although  the  average  score  was  somewhat  higher  for  the  aileron  direct 
condition,  the  difference  was  not  statistically  significant.  The  lack 
of  significance  of  the  difference  for  the  aileron  control  may  very  well 
be  attributable  to  the  previous  experience  of  the  subjects  in  use  of  the 
artificial  horizon.  On  this  indicator  the  upper  marker  moves  to  the 
right  when  the  aileron  is  displaced  to  the  left  and  vice  versa  (see  ch. 
8).  Thus  rated  pilots  had  all  had  considerable  experience  with  the 
aileron  reverse  condition  during  actual  flight. 

EXPERIMENT  4.— EFFICIENCY  OF  RUDDER  CONTROL  AS  A  FUNCTION 
OF  ANGLE  OF  KNEE  FLEXION 

Purpose 

The  purpose  of  this  experiment  was  to  compare  the  elliciency  of 
rudder  control  in  performance  of  a  pursuit  task  under  three  conditions 
of  angular  flexion  at  the  knee. 

Procedure 

The  3G  rated  pilots  used  as  subjects  served  on  this  experiment  dur¬ 
ing  the  third  of  the  four  %-hour  sessions  during  which  they  were 
tested  on  this  apparatus.  The  actual  test  consisted  of  six  2-minute 
test  periods,  with  three  test  conditions  presented  in  counterbalanced 
order.  The  G  possible  counterbalanced  orders  of  the  3  conditions  wero 
equally  distributed  among  the  30  subjects. 

The  three  test  conditions  were  maximum  extension,  medium  exten¬ 
sion,  and  minimum  extension.  The  degree  of  extension  was  defined 
in  terms  of  the  angle  formed  by  the  knee  joint  as  measured  by  a  pro¬ 
tractor  which  could  bo  placed  upon  the  ventral  surfaces  of  the  thigh 
and  lower  leg.  The  angles  formed  at  the  knee  when  the  rudder  pedals 
were  equalized  were  for  the  three  conditions  of  135°,  120°,  and  105°. 
This  appeared  to  be  the  greatest  angular  range  which  could  be  used 
without  having  the  subject’s  reach  exceeded  during  maximum  control 
movements  and  without  causing  excessive  discomfort.  These  changes 
in  leg  angle  were  accomplished  by  shifting  the  position  of  the  subject’s 
seat.  The  time-score  data  were  recorded  on  a  suitable  data  sheet  as 
were  also  the  subjects’  statements  as  to  the  relative  comfort  of  the 
three  positions.  The  maximum  movement  of  the  rudder  required  to 
keep  the  upper  pointer  stationary  was  4  inches. 

Results 

The  average  time  scores,  the  differences,  and  the  critical  ratios  for 
experiment  4  are  shown  in  table  17.4. 

Tiic  subjects’  statements  as  to  the  relative  comfort  of  the  three  leg 
angles  are  summarized  table  17.5. 
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Tabijc  17.1. — Comparison  of  rudder  control  efficiency  in  the  performance  of  a 
simple  compensatory  pursuit  task  for  three  anylcs  of  leg  flexion1 

(Experiment  4.  N=38] 


Angle  of  leg  flexion 

Maximum 

extension 

(135°) 

Medium 

extension 

(120s) 

Minimum 

extension 

(10S8) 

PXRCINT  TiMC  OS  Ta*0*T 

Mean . 

00.53 

8.28 

60.35 

8.22 

+.20 

50.48 

7.02 

+1.05 

+.85 

1.56 

1.67 

SO . 

OtrrcRKN'cu 

Maximum  extension . 

Medium  extension . 

CH 

Maximum  extension . 

.32 

Medium  extension . 

‘Critical  rntlos  wore  computed  from  tho  stnndnrd  ricvlntloua  of  the  distributions  of 
Individual  difference  scores,  rather  than  from  the  distributions  of  raw  scores.  Thus  each 
subject  served  as  his  own  control  In  the  statistical  analysis. 


Table  17.5. — Rctntivc  comfort  of  three  angles  of  leg  flexion  during  performance 
of  a  simple  compensatory  pursuit  task  by  use  of  rudder  control 


(Experiment  4.  N-36) 


Relative  comfort 

Greatest 

Interra  cdl- 

Least  com- 

comfort 

ate  comfort 

fort 

FMQUiNcr  or  Jeon  mists  ro*  Tit*  Following  Condition* 

Maximum  extension  (135*) . 

8 

13 

IS 

Medium  extension  (120*) . . . 

25 

9 

3 

Minimum  extension  (105*) . 

3 

14 

19 

Discussion 

It  will  bo  noted  in  table  17.4  that  the  efficiency  of  rudder  control  was 
approximately  equal  under  the  three  conditions  of  leg  extension.  All 
of  tho  di (Terences  are  very  small  and  lack  statistical  significance.  It 
will  bo  noted  in  table  17.5  that  the  medium  angle  of  leg  flexion  was 
judged  to  be  most  comfortable  and  that  the  maximum  and  minimum 
a»  ^lcs  of  leg  flexion  used  In  this  experiment  were  judged  to  bo  approxi¬ 
mately  cquai  in  comfort 

EXPERIMENT  5.— EFFICIENCY  OF  ELEVATOR  CONTROL  AS  A 
FUNCTION  OF  ANGLE  OF  ARM  FLEXION 

Purpose 

Tho  purpose  of  this  experiment  was  to  compare  tho  efficiency  of 
elevator  control  in  performance  of  a  pursuit  task  using  a  wheel  under 
three  conditions  of  angular  flexion  at  the  elbow. 

Procedure 

The  36  rated  pilots  used  as  subjects  served  in  this  experiment  on 
the  last  of  the  four  >4 -hour  test  periods.  The  actual  test  consisted  of 
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six  2-minute  test  periods  with  3  test  conditions  presented  in  counter¬ 
balanced  order.  The  6  possible  counterbalanced  orders  of  the  3  con¬ 
ditions  were  equally  distributed  among  the  3G  subjects. 

The  three  test  conditions  were  maximum  extension  (135°),  medium 
extension  (120°),  and  minimum  extension  (105°).  This  appeared 
to  be  the  greatest  angular  range  which  could  be  used  without  having 
the  subject’s  reach  exceeded  or  the  wheel  strike  the  seat  during  maxi¬ 
mum  control  movements.  The  angle  formed  by  the  elbow  was  meas¬ 
ured  in  the  same  manner  as  the  angle  of  the  knee  had  been  measured 
in  experiment  4,  except  that  the  measuring  instrument  was  placed 
on  the  dorsal  surface  of  the  upper  and  lower  arm.  As  in  experiment 
4  the  time  scores  and  the  subjects’  reports  of  the  relative  comfort  of 
the  three  positions  were  recorded.  The  variations  in  angle  formed 
by  the  elbow  were  accomplished  by  changes  in  the  position  of  the 
subjects’  seat.  The  maximum  extent  of  wheel  movement  required  to 
keep  the  upper  pointer  centered  was  4  inches. 

Results 

The  time  scores,  differences,  and  critical  ratios  for  this  experiment 
aro  presented  in  table  17.6.  The  subjects’  statements  as  to  the  relative 
comfort  of  the  three  positions  are  summarized  in  table  17.7. 


Table  17.0. — Comparison  of  elevator  control  efficiency  in  the  performance  of  a 
simple  compensatory  pursuit  task  for  three  angles  of  arm  flexion 

[Experiment  8.  N  =  30] 


Ancle  of  arm  flexion 

Maximum 

extension 

(134*) 

Medium 

Extension 

(130*) 

Minimum 

extension 

004*) 

Percent  Tike  os  Taeoet 

Mean . . . . . * . 

65.64 

7.34 

C6.38 

8.08 

-.73 

65.94 

7.90 

-.30 

+.41 

.00 

.77 

80 . 

DxrrxRSNCKS 

Maximum  extension . 

Medium  extension . . . 

kopooiippp 

CR 

Maximum  extension . 

1 

1.38 

Medium  extension . 

SSL! / 

■  until 

■■■■■ 

Tabu:  17.7. — Rclutivc  comfort  of  three  angles  of  arm  flexion  during  performance 
of  a  simple  compensatory  pursuit  task  by  use  of  elevator  (ichcel)  control 

[Experiment  5.  N  =  30J 


Relative  comfort 


Greatest 

comfort 

Intermediate 

comfort 

I*ost  com¬ 
fort 

Frequenc*  or  Judgments  roa  the  tollowinu  Condition* 

Maximum  extension  (134*) . 

1 

4 

3-1 

Medium  extension  (t2o*) . 

19 

16 

t 

Minimum  extension  (104°) . 

18 

14 

4 
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Discussion 

It  will  be  noted  in  table  17.G  that  the  greatest  time  scores  were 
obtained  under  the  medium  extension  condition.  As  in  experiment 
4,  however,  the  differences  are  exceedingly  small  and  are  not  sta¬ 
tistically  significant.  It  will  be  noted  in  table  17.7  that  the  medium 
and  minimum  extension  conditions  of  elbow  flexion  used  in  this  ex¬ 
periment  were  considered  about  equally  comfortable,  whereas  there  is 
almost  universal  agreement  that  the  condition  of  maximum  extension 
was  least  comfortable.  The  most  reasonable  conclusion  from  this  ex¬ 
periment  would  seem  to  bo  that  there  are  no  significant  differences 
in  efficiency  of  control  under  the  three  degrees  of  arm  flexion  used  in 
this  experiment,  but  that  the  condition  of  maximum  flexion  should 
be  avoided  because  of  the  discomfort  to  the  operator,. 

GENERAL  SUMMARY  OF  FINDINGS 

1.  Control  with  tho  hands  and  arms  was  found  to  be  more  efficient 
than  that  with  tho  feet  and  legs.  Of  tho  two  directions  of  hand 
and  arm  control  used,  tho  fore-and-aft  (elevator)  movements  were 
found  to  be  more  efficient  than  lateral  or  rotary  (aileron)  movements 
(experiments  1  and  2). 

2.  Efficiency  of  control  was  approximately  equal  for  stick  and  wheel 
controls  for  both  elevator  and  aileron  directions  of  movement  (experi¬ 
ment  I).  Tho  stick  was  operated  with  one  hand  and  tho  wheel  with 
two. 

3.  The  use  of  a  direct  relationship  between  control  and  indicator 
movement  on  the  rudder  (i.  e.  pointer  moving  to  tho  right  when  right 
rudder  is  pushed)  resulted  in  significantly  better  performance  than 
a  reversal  of  this  relationship.  A  reversal  of  the  relationship  on  the 
aileron  control  caused  only  a  slight  (and  not  statistically  significant) 
reduction  in  control  efficiency  (experiment  3). 

4.  Three  median  angles  of  leg  flexion,  135°,  120°,  and  105°,  resulted 
in  approximately  equal  efficiency  of  control  with  tho  rudder,  although 
tho  position  of  medium  extension  (120°)  was  judged  by  tho  subjects 
to  be  most  comfortablo  (experiment  4). 

5.  Three  median  angles  of  arm  flexion,  135°,  120°,  and  105°,  resulted 
in  approximately  equal  efficiency  of  elevator  control  with  tho  wheel. 
Tho  condition  of  maximum  extension  (135°)  was  judged  to  bo  least 
comfortable,  and  the  other  two  conditions  wero  judged  to  be  about 
equally  comfortable  (experiment  5). 
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CHAPTER  EIGHTEEN _ 

An  Experimental  Comparison  of 
the  Accuracy  of  Sighting  and 
Triggering  with  Three  Types  of 
Gun-Sight  Handgrip  Controls' 

A,  P.  Johnson  and  J.  L.  Milton 


INTRODUCTION 

The  investigations  reported  in  this  chapter  were  undertaken  ns  part 
of  a  comprehensive  research  program  on  the  design  of  gun-sight  con¬ 
trols  for  most  efficient  use  by  the.  operator.  The  studies  wero  concerned 
with  the  comparison  of  several  types  of  controls  for  use  when  the 
primary  task  of  the  operator  is  to  move  the  sight  itself  in  such  a 
manner  as  to  keep  the  reticle  on  a  moving  target. 

The  standard  handwheel  controls  employed  on  the  B-29  Pedestal 
Sight  during  the'  war  were  subjected  to  considerable  criticism  by  the 
men  who  used  them.  In  operating  this  sight  the  gunner’s  right  hand 
must  operate  two  wheels  on  the  same  shaft,  a  serrated  one  controlling 
ranging  (framing)  and  a  smooth  one  which  aids  the  left  hand  in 
elevation  tracking.  Frequently,  in  order  to  track  tho  target  properly 
in  elevation  and  in  order  to  range  correctly  at  the  same  time,  the  ser¬ 
rated  wheel  must  bo  rotated  in  a  direction  opposite  to  that  in  which 
the  smooth  wheel  is  moved.  This  often  causes  one  movement  to  inter¬ 
fere  seriously  with  the  ether.  A  further  difficulty  arises  because  of  the 
small  radius  of  the  handwheels  which  are  on  the  axis  of  rotation  of  the 
sight.  This  lack  of  adequate  leverago  is  asserted  to  result  in  fatigue 
and  irregular  elevation  tracking.  If  the  right  hand  is  used  only  to 
operate  the  ranging  wheel,  then  the  left  hand  must  cariy  the  major 
portion  of  the  task  of  tracking  in  azimuth  and  in  elevation.  As  tho 
wheels  are  rotated  for  elevation  tracking,  the  thumbs  of  the  right  and 
left  hands  must  be  moved  over  flexible  rubber  covers  in  order  to  press 

‘This  chapter  is  based  upon  research  flndlnjn  reported  la  Headquarters  AMC,  Enzl- 
necrlnjj  Division.  Memorandum  Reports  No.  TSEAA-COt-2  and  TSEAA-C91-2A. 
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the  triggers.  At  extreme  positions  1,  .  thumbs  are  frequently  below 

or  above  a  satisfactory  triggering  pu.  .‘ion.  Unless  the  thumbs  are 
raised  well  above  the  rubber  trigger  cove's,  friction  against  the  rubber 
causes  the  thumbs  to  drag  from  one  .  levation  position  to  another. 
Furthermore,  the  triggers  both  require  a  great  deal  of  pressure  to 
operate.  Persons  using  these  controls  complain  that  their  hands  be¬ 
come  fatigued  if  they  operate  the  sights  for  more  than  very  short 
periods  of  time. 

In  1915  Project  AC-9 1  of  the  Applied  Psychology  Panel,  N.  D.  R. 
C.,  published  reports  (2, 4)  describing  the  design  of  two  alternative  sets 
of  hand  controls  for  the  B-29  pedestal  sight.  One  report  (4)  gave 
the  results  of  an  experimental  study  of  the  efficiency  of  sighting  per¬ 
formance  with  a  set  of  modified  controls.  Another  report  (2) 
described  a  still  different  design  for  hand  controls  but  gave  no  experi¬ 
mental  data  on  the  performance  of  gunners  in  using  this  revised 
design.  On  the  basis  of  these  reports  the  Armament  Laboratory, 
Engineering  Division,  Air  Materiel  Command,  constructed  two  sets 
of  hand  controls.  The  Aero  Medical  Laboratory’  was  requested  to 
repeat  the  initial  N.  D.  R.  C.  study  with  the  first  set  of  hand  grips  and 
also  to  study  the  second  design.  Studies  were  undertaken,  therefore, 
to  determine  tho  relative  superiority,  if  any,  of  the  two  new  designs 
over  the  old  typo  B-29  hand  controls,  and  to  determine  which  of  the 
proposed  new  designs  was  superior.  These  studies  were  believed 
worth  while  for  several  reasons.  It  was  considered  desirable  to  repeat 
tho  validation  study  reported  by  Project  AC-94  and  to  add  triggering 
which  was  not  included  in  the  previous  study.  Since  the  present 
research  utilizes  an  apparatus  that  is  different  from  tho  one  employed 
by  Project  AC-94,  the  repetition  of  the  earlier  study  is  of  further 
interest  from  tho  standpoint  of  comparing  research  findings  with  two 
different  methods  of  investigation  and  two  different  apparatuses. 

EXPERIMENT  1.— COMPARISON  OF  CONTROLS  A  AND  B 
Appar*tu« 

A  convenient  apparatus  for  carrying  out  experiments  X  and  2  was 
provided  by  tho  SAM  Pedestal  Sight  Manipulation  Test,  shown  in 
figuro  18.1.  The  construction,  calibration,  and  operation  of  this  test 
have  been  described  by  Judson  S.  Brown  (1)  and  reliabilities  have  been 
reported  by  Moncrcif  II.  Smith  (3)  in  publications  from  tho  AAF 
School  of  Aviation  Medicine.  This  test  was  originally  designed  as 
a  selection  device  for  B-29  gunners.  It  provides  a  realistic  and  stand¬ 
ardized  scries  of  pursuit-course  attacks  requiring  tracking,  ranging, 
and  triggering  by  the  operator.  For  each  series  of  attacks  there  can 
bo  obtained  a  time  score  for  tracking  correctly,  for  ranging  correctly, 
and  for  triggering  correctly,  and  also  a  time  score  for  any  combination 


LEFT  HANDGRIP 


RIGHT  HANDGRIP 


Original  handwheel  controls  (A)  ami  two  c.\{M‘rimcntal  controls 
(1$  and  C‘)  used  in  Kx|>oriments  1  and  2. 


of  these  functions.  Independent  scores  can  also  be  obtained  for  azimuth 
and  elevation  tracking.  The  criteria  of  correctness  was  defined  in 
terms  of  angular  degrees  of  divergence  of  the  line  of  sight  from  the 
target.  It  is  believed  that  the  scores  provided  by  the  apparatus  arc  as 
good  criteria  of  gunnery  performance  as  any  currently  available. 

Description  of  Controls 

The  standard  hand  controls  for  the  B-29  Pedestal  Sight  have  already 
been  described.  A  view  of  these  controls  is  shown  in  figure  18.2.  The 
standard  control  will  be  referred  to  as  control  A  for  the  purposes  of 
this  report.  In  experiment  1,  this  control  was  compared  with  con¬ 
trol  B  which  is  shown  in  figure  1S.2.  The  latter  control  was  designed 
originally  by  Mr.  Richard  L.  Solomon  of  Project  AC-94  with  the  as¬ 
sistance  of  Mr.  Nicholas  Yakimovieh  of  the  Research  Division,  Laredo 
Army  Airfield  (4).  The  new  control  was  designed  to  fit  the  hand 
comfortably.  Triggering  was  accomplished  by  the  thumb  of  the  left 
hand  on  a  trigger  which  was  a  part  of  and  moved  with  the  control. 
Ranging  was  accomplished  by  applying  pressure  with  the  fingers  to  a 
spring-loaded  trigger-like  extension  on  the  right-hand  control.  As  the 
target  came  nearer  and  increased  in  size,  the  operator  of  this  control 
squeezed  his  fingers  together,  moving  the  trigger-like  extension  in  to¬ 
ward  the  rest  of  the  handle.  The  two  sets  of  hand  controls  were  easily 
interchangeable  on  the  test  apparatus. 

Experimental  Procedure 

Two  groups  of  subjects  were  used,  one  group  beginning  with  the 
hand  control  A,  the  other  with  the  hand  control  B.  A  counterbalanced 
experimental  testing  sequence  was  followed  in  order  to  equalize  practice 
effects.  Each  group  operated  the  band  control  A  for  two  10-minuto 
test  periods  and  the  hand  control  B  for  two  similar  periods,  each  test 
period  occurring  on  a  separate  day.  The  order  of  testing  for  one 
group  (N=9)  was  ABBA  and  for  the  other  (N=10)  wasBAAB.  The 
groups  consisted  chiefly  of  enlisted  men.  None  had  any  previous  ex¬ 
perience  with  the  apparatus  or  in  the  use  of  the  B-29  sight. 

Each  10-minutc  trial  included  four  successive  2%-minuto  scries  of 
eight  different  attack  courses  (half  beginning  on  the  right  and  half  on 
the  left).  The  test  was  carefully  calibrated  prior  to  each  day’s  test¬ 
ing  in  accordance  with  standard  procedures.  Azimuth  and  elevation 
tracking  scores  were  obtained  in  minutes  and  hundredths  of  minutes  on 
target.  <:On  target”  was  defined  as  the  time  during  which  tho  center 
dot  of  the  reticle  was  within  approximately  10  mils  vertically  or  hor¬ 
izontally  of  the  center  of  the  target.  Ranging  within  approximately 
G  mils  was  scored  as  correct.  On  each  trial  two  scores  were  obtained 
simultaneously:  a  score  giving  the  amount  of  time  during  which  the 
gunner  was  simultaneously  sighting  and  ranging  correctly ;  and  a  score 
indicatingihe  amount  of  time  he  was  simultaneously  sighting,  ranging. 
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and  triggering  correctly.  Each  person  was  instructed  to  trigger  only 
whilo  he  was  tracking  and  ranging  correctly.  Since  a  high  proportion 
of  the  group  thought  they  were  tracking  and  ranging  correctly  nearly 
all  of  the  time,  they  held  the  trigger  down  almost  continuously. 

Results 

The  results  obtained  in  this  experiment  are  summarized  in  table  18.1 
which  gives  the  scores  obtained  on  controls  A  and  B  expressed  as  mean 
percent  of  time  on  the  target,  the  standard  deviations  of  these  scores, 
tho  differences  between  scores  obtained  by  the  two  hand  controls,  and 
the  significance  of  these  differences.  Scores  are  presented  for  each  of 
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Fjourj:  I8.3.< — Comparison  of  combined  tracking,  ranging,  and  triggering  perform¬ 
ance — experiment  l.  control  A  versus  control  B  j  experiment  2,  control  B  versus 
control  C. 


tho  two  groups  of  subjects  and  for  tho  groups  combined.  Data  for 
combined  tracking,  ranging,  and  triggering  are  shown  graphically  in 
figure  18.3  for  each  of  the  four  trials  of  each  experimental  group.  It 
can  bo  seen  from  table  18.1  and  from  figure  18,3  that  there  was  con¬ 
siderable  learning  during  the  trials  and  that  the  order  of  testing  had  a 
significant  effect  on  the  results  for  tho  two  subgroups.  These  results  in¬ 
dicate  that  for  tho  combined  tracking  and  ranging  scores,  the  new  hand 
control  B  is  markedly  superior  to  the  old  type  hand  control  A.  The 
differences  are  significant  at  tho  1-percent  level  of  confidence.  For 
combined  tracking,  ranging,  and  triggering,  the  new-typq  hand  con¬ 
trols  are  even  more  markedly  superior. 
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For  all  of  the  data  combined  it  will  be  noted  that  the  percentage 
of  time  during  which  subjects  sighted,  ranged,  and  triggered  correctly 
with  hand  control  A  was  32.1  percent  while  the  percentage  of  time  with 
hand  control  B  was  41.6  percent.  This  superiority  of  approximately 
one-fourth  more  time-on-target  is  not  only  of  statistical  significance 
but,  from  a  practical  point  of  view,  is  highly  significant  in  indicating 
the  amount  of  improvement  that  can  be  gained  by  designing  controls  in 
relation  to  human  abilities. 


Table  18.1. — Mean  scores  expressed  as  percent  of  time  on  target,  standard  devia¬ 
tions,  and  t  ratios  for  hand  controls  A  and  B 
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10 
19 

9 
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41.4 
40.9 
30. « 
33.6 
32.1 

4.6 
11.4 
8.9 
6.2 
13.2 
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47.9 

43.0 

4A4 

46.1 

37.2 
41.6 

5.0 

10.2 

8.6 

5.3 

12.0 

10.2 

Ok  0k  CM  C»  C* 

4.2 

5.2 

5.6 
5.1 

7.3 

8.6 

5,0 

.1 

3.4 

1.5 
4.7 

EXPERIMENT  2.— COMPARISON  OF  CONTROLS  B  AND  C’ 
Description  of  Controls  • 

In  tliis  investigation  the  new-type  hand  control  B,  which  was  found 
in  the  preceding  study  to  be  significantly  superior  to  the  old-type  hand 
control  A,  was  compared  with  a  third  control  which  for  the  purposes  of 
this  study  was  designated  control  C.  This  control  is  shown  in  figure 
18.2.  The  left-hand  grip  was  the  same  for  controls  B  and  C.  The 
right-hand  control  C,  which  is  primarily  a  ranging  control,  was  pat¬ 
terned  after  a  design  proposed  by  IC.  U.  Smith  of  Project  AC-94  in 
collaboration  with  Frank  Crossley  of  the  Research  Division,  Laredo 
Army  Airfield,  (2). 

With  the  new  hand  control  C,  the  movement  required  for  framing 
is  distinct  from  and  independent  of  the  tracking  movements  in  azimuth 
and  elevation.  The  finger  and  wrist  movements  required  for  framing 
do  not  change  appreciably  as  the  sight  travels  in  azimuth  or  elevation. 
However,  the  hand  accomplishing  the  framing  moves  with  the  azimuth 
and  elevation  movements  of  the  sight  and  serves  to  stabilize  the  track¬ 
ing.  In  the  original  design  proposed  by  Project  AC-94,  this  ranging 
control  was  to  have  been  operated  by  the  left  hand  and  the  tracking  and 
triggering  control  by  the  right  hand.  However,  since  the  B-2D  Pede- 

’ Sue  niggle#  assisted  the  author  In  the  testing  of  subject#  and  the  analyula  of  d#t». 
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stai  Sight  is  so  designed  that  ranging  can  be  accomplished  only  by  the 
right  hand,  the  control  was  tried  out  in  this  study  on  the  right  hand. 

Apparatus  and  Procedure 

The  apparatus  used  in  experiment  2  was  the  same  as  that  employed 
in  experiment  1  and  the  procedure  was  similar.  In  experiment  2,  a 
totul  of  42  rated  pilots  were  used  as  subjects.  The  scoring  system  was 
arranged  so  that  an  independent  ranging  score  was  obtained,  in  addi¬ 
tion  to  a  score  which  indicated  the  time  during  which  simultaneous 
tracking  and  ranging  was  accomplished  correctly,  and  the  time  during 
which  simultaneous  tracking,  ranging,  and  triggering  was  accom¬ 
plished  correctly.  Subjects  were  divided  into  two  groups  and  a  coun¬ 
terbalanced  experimental  testing  sequence  was  employed  as  in  experi¬ 
ment  1.  Subjects  were  given  the  10-minute  test  trials  on  four  successive 
days. 

Results 

The  results  of  experiment  2  arc  summarized  in  table  18.2  in  which 
arc  given  the  scores  for  each  experimental  group  and  for  combined 
groups.  It  will  be  noted  from  an  examination  of  this  table  that 


Taiile  18.2.— Mean  scores  expressed  as  percent  of  time  on  target,  standard  devia¬ 
tions,  and  t  ratios  for  hand  controls  B  and  0 
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the  hand  control  B  was  in  all  cases  superior  to  the  hand  control  C 
when  all  data  were  combined.  The  ranging  score  with  control  B  was 
superior  at  the  2-pcrcent  level  of  confidence.  Combined  tracking  and 
ranging  scores  were  significantly  higher  and  combined  tracking, 
ranging,  and  triggering  scores  wero  also  much  higher  for  control  B. 
Theso  differences  were  significant  at  better  than  the  1-percent  level. 

The  retest  reliability  of  the  scores  is  indicated  by  a  coefficient  of 
0.40  for  the  B  condition  and  one  of  0.50  for  the  C  condition  for  the  data 
of  the  42  subjects. 
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By  comparing  the  data  in  table  1S.1  for  hand  control  A  *  ' 
in  table  18.2  for  hajid  control  C,  it  will  be  noted  that  jserf •  T-u 
control  C  was  intermediate  between  that  on  controls  A  and  U  %■ 
data  suggest  therefore  that  ranging  control  C  is  somewhat  better  t-  m 
the  original  control  A  employed  on  the  B-29  Pedestal  Sight  but 
good  as  control  B. 

In  considering  the  results  cf  the  comparisons  made  in  experiment 
2,  it  should  he  remembered  that  control  C  was  initially  designed  to 
be  used  by  the  left  hand.  It  is  possible  that  if  control  C  had  been 
operated  by  the  left  hand  in  this  experiment,  tracking  and  framing 
would  have  been  accomplished  with  somewhat  greater  accuracy.  The 
comparison  between  controls  B  and  C  is  believed  justifiable  since  in 
both  cases  the  right  hand  did  the  ranging. 

GENERAL  CONCLUSIONS 

The  results  of  experiment  2  as  well  as  the  results  of  experiment  1 
indicate  that  changes  in  the  design  of  the  controls  employed  in  operat¬ 
ing  a  gun  sight’ can  result  in  marked  changes  in  the  accuracy  with 
which  the  sight  can  be  used.  Since  statistically  significant  results  were 
obtained  in  both  experiments  with  relatively  small  numbers  of  cases, 
it  can  be  concluded  that  the  apparatus  and  procedures  employed  in 
these  studies  provide  a  reliable  method  for  the  systematic  investiga¬ 
tion  of  problems  in  the  design  of  controls  for  equipment  in  which  the 
operator  is  required  to  keep  a  moving  object  centered  on  a  set  of  cross 
hairs. 

SUMMARY 

1.  This  study  was  undertaken  as  part  of  a  comprehensive  research 
program  on  the  design  of  gun  sight  controls  for  most  efficient  use  by 
tho  operator.  The  study  dealt  specifically  with  controls  for  the  B-29 
Pedestal  Sight. 

2.  In  experiments  1  and  2,  the  tracking,  framing,  and  triggering 
performance  of  subjects  was  recorded  when  using  two  new-type  hand 
controls  as  well  as  when  using  the  original  hand  controls. 

3.  The  resulting  data  indicate  that  changes  in  the  design  of  controls 
can  result  in  marked  changes  in  tho  accuracy  with  which  a  gun  sight 
can  bo  used.  Both  new-type  controls  were  found  to  be  superior  to 
tho  original  controls  on  the  B-29  Pedestal  Sight. 
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CHAPIER  NINETEEN _ 

The  Effect  of  Anoxia  On  Visual 

Illusions 

Wastes  F.  Gketijee.  Johx  T.  Cowles,  a  no  K;ciiard  E.  Jokes* 


ISTKODUCnON  . 

A  variety  of  environmental  influences,  such  as  long  periods  of  work, 
reduced  oxygen  supply,  noise,  and  extremes  of  humidity  and  tempera¬ 
ture  are  generally  assumed  to  impair  human  efficiency.  But  in  most 
cases  experimental  attempts  to  measure  this  impairment  in  terms  of 
decrements  in  performance  have  been  relatively  unsuccessful.  When 
placed  in  a  test  situation,  human  beings  apparently  are  able  to  resist 
the  environmental  influences  and  achieve  an  approximately  normal 
test  score.  This  is  particularly  true  when  the  environmental  influ¬ 
ences  being  studied  cannot  be  concealed  from  the  experimental  sub¬ 
jects.  Moreover,  most  experiments  have  been  concerned  with  the  sub¬ 
ject’s  ability  to  perform  a  motor  or  intellectual  task,  *iih  emphasis 
upon  speed  and  accuracy.  In  such  tests  the  subjects  are  well  acquainted 
with  the  criteria  on  which  their  performance  is  being  scored. 

During  the  recent  war,  a  German  research  worker,  W.  Ehrenstein,* 
reported  a  technique  for  measuring  fatigue  by  means  of  visual  il¬ 
lusions.  He  tested  shipyard  workers  at  the  beginning  and  end  of  a 
9-hour  day  of  hard  physical  labor,  and  found  that  the  extent  of  the 
illusions  was  greater  at  the  end  of  the  day.  This  fechniquo  i3  of 
special  interest  because  it  involves  perceptual  judgments  of  equality  in 
which  there  are  no  right  or  wrong  responses  in  the  usual  sense.  Thus, 
the  subjects  would  not  be  expected  to  conceal  the  effects  of  fatigue  by 
concentration  of  effort  during  the  test.  Such  a  test,  if  sufficiently 
discriminative  and  correlated  with  more  direct  measures  of  human 
efficiency,  has  considerable  potential  application. 

The  experiments  reported  here  were  stimulated  by  the  German  ex¬ 
periment  mentioned  alwve.  As  a  starting  point  it  was  decided  to 

*The  Erst  author  timUrj  central  a«r  exj<-rJrornS  l  *r.J  prepared  thU 

report.  The  rr»inl  author  *31u  tao't  of  the  drUSItt}  plan&Jns  and  lesi  adffllaWtratloft  for 
«r«Imrst  The  third  author  arxlxird  Sn  i-iperlaeat  1  and  csrrlrd  out  experiment  i 

1  Fill#.  P.  M.  Crrnun  applW  pxyrhotocj-  during  World  Waf  I!.  Tit  infrirea  Fiyckals- 
(jtit,  53!fl.  1,  131-161. 
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lest  the  effect  of  mild  anoxia  ca  visual  illusions,  since  tins  condition 
was  much  easier  to  produce  in  the  laboratory  and  control  experiment 
{ally  than  was  fatigue,  and  since  the  symptoms  of  anoxia  in  several  re¬ 
spects  resemble  those  of  fatigue.  It  was  thought  that  if  .clear-cut 
results  were  obtained  for  anoxia,  the  technique  would  merit  further 
study  in  relation  to  other  environmental  influences.  . 

EXPERIMENT  J— THE  EFFECT  UPON  FOUR  VISUAL  ILLUSIONS  OP 

ANOXIA  PRODUCED  BY  EXPOSURE  TO  A  PRESSURE  ALTITUDE  OF 

1S£»  FEET 

PfiipOM 

The  purpose  of  this  experiment  was  to  compare  the  magnitude  of 
the  illusory  effects  cn  four  visual  illusions  under  the  following  two 
conditions:  (l)  a  pressure  altitude  of  15,000  feet  with  supplementary 
oxygen  supplied  by  mask  (no  ancxia) ;  and  (2)  a  pressure  altitude  of 
15,000  fed  with  subjects  breathing  through  a  mask  but  not  receiving 
supplementary  oxygen  (anoxia). 

Afp*nlm 

The  four  visual  illusions  used  in  this  experiment  are  shown  in  figure 
19.1.  These  illusions  were  drawn  on  white  cardboard,  with  the  di¬ 
mensions  as  shown  in  the  figure,  sad  placed  in  a  stand  on  a  table  top. 
The  angle  of  the  stand  was  such  that  the  illusory  figures  were  approxi¬ 
mately  perpendicular  to  the  line  of  sight,  and  the  figures  were  viewed 
at  arms  length. 

The  first  of  these  illusions  (A  in  fig.  19.1)  was  the  so-called  Ehren- 
stcin  illusion  in  which  a  vertical  and  horizontal  line  were  compared  in 
length.  In  this  apparatus  the  length  of  tl*e  vertical  line  was  adjusted 
by  the  subject  by  means  of  &  sliding  card  which  extended  beyond  the 
top  of  a  wooden  frame  surrounding  the  figure.  The  task  of  the  subject 
was  to  adjust  the  vertical  iino  until  he  judged  it  to  be  equal  to  the 
horizontal  lino  in  length.  The  second  illusion  (B  in  fig.  19.1),  named 
for  Poggendorf,  required  the  subject  to  aline  the  two  ends  of  an  in¬ 
terrupted  diagonal  line.  This  alincment  w&3  accomplished  by  adjust¬ 
ing  a  slide  which  extended  beyond  the  frame  at  the  side.  In  both 
of  these  illusions  a  scale  at  the  bock  indicated  to  the  experimenter 
the  magnitude  of  the  illusory  error  in  the  subject’s  adjustment 

The  remaining  two  illusions  were  of  the  reversible-figure  type  and 
were  scored  in  terms  of  the  number  of  reversals  indicated  by  the  sub¬ 
ject  who  operated  an  electric  counter  by  means  of  a  hand  switch. 

A  small  altitude  chamber  was  suitably  instrumented  for  conducting 
this  experiment.  Two  subjects1  positions  were  provided  at  either  side 
of  a  small  table  on  which  there  were  stands  for  supporting  the  illu¬ 
sions.  The  experimenter’s  station  was  at  one  end  of  the  table  and 
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Fiscal  19.1. — Four  Illusory  figured  Q-h^I  In  study  of  off  vet  of  anoxia  upon  visual 

Illusions. 

included  a  microphone  for  communicating  with  the  subjects  and  with 
tho  chamber  operator  on  the  outside.  The  chamber  operator  also 
was  provided  with  a  microphone,  and  all  four  of  the  men,  that  is,  the 
two  subjects,  the  experimenter,  and  tho  chamber  operator,  wore  head¬ 
sets.  Both  the  subjects  ami  the  experimenter  wore  dcmaml-typo  oxy¬ 
gen  masks,  but  a  valve  was  provided  by  which  the  experimenter  could 
cutoff  the  supplementary  oxygen  supply  to  the  subjects  without  thoir 
knowledge. 
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Procter* 

Each  experimental  run  was  begun  by  Suing  the  subjects  with  oxygen  - 
masks,  ami  then  scaling  them  at  their  stations  in  the  altitude  chamber. 
During  the  simulated  ascent  to  15,000  feet  the  subjects  were  given  gen¬ 
era!  instructions  and  were  told  in  general  terms  the  purpose  of  the 
experiment-  All  subjects  were  told  that  they  would  receive  no  oxygen, 
but  that  it  was  necessary  for  them  to  wear  masks  since  other  subjects 
would  receive  oxygen,  and  since  it  was  necessary  to  keep  the  experi¬ 
mental  conditions  constant  in  other  respects  for  all  subjects.  Only 
one  of  the  subjects  apparently  suspected  that  he  had  received  oxygen 
during  part  of  the  test  run. 

After  the  pressure  altitude  of  15,003  feet  had  been  reached,  si  10- 
minute  adaptation  period  was  introduced  before  administration  of 
the  illusions  was  begun,  in  order  to  insure  a  stable  level  of  anoxia. 
Ten  trials  were  given  on  each  of  the  adjustable  illusions,  A  and  B, 
'loginning  alternately  with  the  slide  set  to  full  deflection  at  either  side 
of  the  equality  point.  The  subjects  were  allowed  to  move  the  slides 
back  and  forth  until  apparent  equality  had  been  achieved.  The  read¬ 
ing  on  the  scale  at  the  back  of  the  illusion  was  recorded  for  cadi  trial. 
Each  of  the  reversible  illusions  was  viewed  for  V/>  minutes  with  the 
subjects  indicating  reversals  by  hand  switches  which  operated  count- 
era.  For  figure  CJ  the  staircase  illusion,  the  subjects  were  told  to  press 
the  switch  dawn  and  hold  it  down  as  long  as  the  staircase  appeared 
to  be  seen  from  below  and  to  release  the  switch  whenever  the  staircase 
appeared  to  bo  seen  from  above.  For  figure  D,  the  book  illusion,  the 
subjects  were  instructed  to  push  the  switch  down  and  hold  it  down 
as  long  ns  the  back  of  the  book  appeared  to  be  away  from  them  with 
the  pages  open  as  if  for  reading.  The  switch  was  to  bo  released  when¬ 
ever  the  back  of  the  book  appeared  to  be  toward  the  subject  On  the 
reversible  illusions,  therefore,  the  counter  score  indicated  only  one- 
half  the  total  number  of  reversals. 

During  the  first  administration  one-half  of  the  subjects  received 
no  oxygen,  and  the  remainder  received  oxygen.  Immediately  follow¬ 
ing  completion  of  the  tests  the  oxygen  valve  was  cither  closed  or 
opened,  depending  upon  the  conditions  for  the  first  test  administra¬ 
tion.  Ten  minutes  of  rest  was  then  interposed  to  allow  physiological 
adaptation  to  the  changed  condition,  following  which  the  adminis¬ 
tration  of  the  tests  was  repeated. 

In  addition  to  the  counterbalancing  of  the  oxygen  versus  no-oxygen 
conditions,  eight  different  test  sequences  were  used  to  counterbalance 
for  possible  interference,  learning,  and  fatigue  effects,  making  a  total 
of  1G  different  experimental  sequences.  Two  subjects  were  tested  in 
each  sequence,  making  a  total  of  32  subjects,  all  of  whom  were  adult 
males. 
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Results 

The  results  of  this  experiment  are  presented  in  table  19.1  which 
gives  the  mean  illusory  e fleets,  the  standard  deviations  for  the  oxygen 


Table  13.1. — Summary  cf  data,  oh  effect  of  anoxia  produced  by  s  pressure  altitude 
of  15,000  feel  upon  four  visual  illusions 
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versus  no-oxygen  conditions,  the  coefficients  of  correlation,  and  the 
i  value  for  the  two  sets  of  results.  For  figures  A  and  B  the  mean 
illusion  is  given  in  inches.  For  figures  C  and  D  the  mean  illusion 
is  given  in  number  of  reversals,  which  was  dmiblc  the  counter  readings. 
It  will  be  noted  that-  the  results  arc  virtually  equal  for  the  oxygen 
and  no-oxygen  conditions  for  all  four  of  the  illusions*  Moreover,  nil 
of  the  t  values  are  very  small,  indicating  that  the  results  have  no 
statistical  significance.  The  results  indicate  that  the  degree  of  anoxia 
that  results  at  a  pressure  altitude  of  15,000  feet  has  little,  if  any, 
effect  on  the  magnitude  of  visual  illusions. 

EXPERIMENT  Z— THE  EFFECT  OF  PROLONGED  ANOXIA  PRODUCED 
BY  A  PRESSURE  ALTITUDE  OF  10,003  FEET  UPON  TWO  VISUAL 
ILLUSIONS 

Purpose 

The  purpose  of  this  experiment  was  to  determine  the  effect  upon 
the  magnitude  of  two  visual  illusions  of  prolonged  exposure  to  a  pres¬ 
sure  altitude  of  10,000  feet  without  supplementary  oxygen. 

Apparatus  and  Procedure 

An  experiment  which  was  being  run  by  the  Physiology  Branch  of 
the  Aero  Medical  Laboratory  provided  an  opportunity  to  measure 
the  effect  of  prolonged  mild  anoxia  on  the  magnitude  of  visual  illu¬ 
sions.  In  this  experiment,  subjects  remained  in  the  altitude  chamber  at 
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a  pressure  altitude  of  10,000  feet  for  a  period  of  approximately  8  horns 
without  supplementary  oxygen,  and  without  wearing  oxygen  masks. 
Only  the  two  adjustable  illusions,  A  and  B,  used  in  experiment  1  were 
used  in  this  experiment,  and  cadi  test  consisted  of  20  instead  of  10 
trials.  As  in  the  first  experiment  the  alternation  in  initial  position  of 
the  slide  at  either  side  of  the  apparent  equality  point  was  used. 

Tiic  illusions  were  administered  to  10  subjects  under  4  different 
conditions  as  follows:  (1)  at  !be  beginning  of  the  simulated  flight, but 
after  the  10,000  foot  pressure  altitude  had  been  reached;  (2)  after  5 
hours  at  altitude;  (3)  after  7  hours  at  altitude;  and  (4)  at  ground  level 
pressure  in  the  chamber  on  the  morning  of  the  day  following  the 
flight  Tests  1  and  4  may  be  considered  as  no-anoxia  conditions,  and 
tests  2  and  3  as  miid-ar.oxia  conditions.  Under  conditions  3  and  4, 
however,  influences  other  than  anoxia  were  probably  also  acting  upon 
the  subjects.  The  subjects  liad  eaten  no  breakfast  on  the  day  of  the 
test  and  were  provided  with  one  package  of  IC  ration  for  consumption 
at  any  time  they  chose  during  the  chamber  run.  During  the  latter 
part  of  the  flight  most  of  the  subjects  were  quite  hungry  and  also  some¬ 
what  bored  with  tlieir  experience.  They  had,  however,  not  been  re¬ 
quired  to  perform  physical  exercise  or  work  in  tho  chamber  and  thus 
could  hardly  be  described  as  physically  fatigued. 

Resets 

Tho  results  of  experiment  2  are  presented  in  table  195  for  tho  four 
experimental  conditions.  It  will  be  noted  in  tlie  tabic  that  all  of  the 
differences  between  means  are  relatively  small  and  lack  statistical 
significance.  We  may  conclude  from  these  results  that  the  conditions 
acting  upon  the  subjects  in  this  experiment  had  no  effect  upon  the 
magnitude  of  flic  visual  illusions  used, 

Taeix  19.2. — Summary  of  data  on  effect  of  prolonged  anoxia  upon  tico  ritual 

illusion! 


(EXPERIMENT  X  N«10| 


Mran  i!!u?!on  (luchu). . . 

0.41 

0.  <3 

0.40 

3. 43 

a  43  1 

0.41 

Sl>  (Inc hr?; _ _ _ 

.13 

.23 

.19 

.18 

.12  I 

.1$ 

+.07 

.« 

254 


SUMMARY  AND  CONCLUSIONS 

1.  In  experiment  1  a  total  of  32  subjects  were  toted  on  four  visual 
illusions  in  the  altitude  chamber  at  a  pressure  altitude  of  15,000  feet. 
Two  of  these  illusions  were  geometrical  illusions  adjusted  to  the  point 
of  apparent  equality  by  the  subjects.  The  remaining  two  illusions 
were  of  the  reversible  figure  type.  A  comparison  was  made  between 
the  iilusory  effects  obtained  when  the  subjects  were  receiving  no  sup¬ 
plementary  oxygen  (anoxia)  and  when  Uio  subjects  were  receiving 
supplementary  oxygen  (no  anoxia). 

2.  In  experiment  2  a  total  of  10  subjects  were  tested  on  only  the  first 
2  (adjustable)  illusions  under  4  experimental  conditions:  (a)  immedi¬ 
ately  after  reaching  a  pressure  altitude  of  10,000  feet;  (b)  after  5 
hours  at  10,000  feet;  (c)  after  7  hours  at  10,000  feet;  and  (d)  on  the 
following  day  at  ground-level  pressure, 

3.  The  results  of  these  experiments  indicate  that  the  illusory  effects 
studied  in  this  investigation  arc  not  influenced  by  mild  anoxia.  It  is 
possible,  of  course,  that  the  extent  of  the  illusions  might  be  influenced 
by  more  severe  anoxia  or  by  other  environmental  conditions. 


CHAPTER  TWENTY _ 

Effect  of  Increased  Positive 
Acceleration  (G)  on  Ability 
to  Read  Aircraft  Instrument  Dials* 

Melvin  J.  Warrick,  Ralmi  E.  Nelson*,  and  Douglas  W.  Lund* 


INTRODUCTION 

Wl.cn  a  fores  is  applied  to  a  body  to  accelerate  it  (change  its  speed 
or  direction  of  motion),  the  body  in  turn,  because  of  its  inertia,  exerts 
an  opposite  force.  This  force  may  be  expressed  ns  multiples  of  the 
acceleration  of  gravity — 32.2  feet  per  second  per  second.  Under  the 
normal  influence  of  gravity  a  body  exerts  a  force  of  1  G.  A  body 
accelerated  at  the  rate  of  G4.4  feet  per  second  per  second  exerts  a 
force  of  2  G,  etc.  This  force  may  be  in  any  direction  with  reference 
to  the  human  body,  being  always  equal  and  opposite  to  the  accelerating 
force.  Thus  when  a  car  is  accelerated  forward,  its  occupants  expe¬ 
rience  a  force  backwards  against  the  seats.  When  a  car  is  turned  to 
the  left,  the  occupants  exert  a  force  to  the  right. 

In  aircraft,  G  forces  are  incurred  with  any  chango  of  speed  or 
direction,  particularly  in  flight  maneuvers.  In  a  turn  of  radius  1,000 
yards  at  375  mph,  a  force  of  slightly  more  than  3  G  is  produced  (2). 
If  a  pilot  is  seated,  as  in  a  conventional  aircraft,  this  forco  acts  to 
“puli”  the  body  and  its  components  “downward”  toward  the  feet 
(positive  G) .  The  limbs  become  virtually  heavier  and  the  blood  tends 
to  leave  the  head  because  of  the  inability  of  the  heart  to  overcome  the 
virtual  increase  in  the  weight  of  the  Mood. 

The  human  centrifuge  produces  G  forces  in  exactly  the  same  man¬ 
ner  as  does  the  turning  uircraft.  A  rotating  boom  carries  a  seat 

‘This  chapter  Is  based  upon  research  findings  reported  In  Heodipiartcra  AMC,  Engineer¬ 
ing  Division,.  Memorandum  ltoport  T8EAA-G94-I0. 

*The  first  author  was  responsible  for  the  design  of  the  cx|*Tlrocnt,  for  the  equipment, 
for  the  procedure*  used,  and  for  the  writing  of  this  report.  The  second  author  was  respon¬ 
sible  for  the  construction,  insinuation,  and  maintenance  of  the  apparatus,  and  for  the  teat 
administration.  The  third  author.  Chief  of  the  Acceleration  Unit,  contributed  the  use  of 
the  centrifuge  and  contributed  to  the  writing  of  the  introduction  of  this  report.  Ray 
Whitney,  the  centrifuge  operator,  by  the  generous  contribution  of  his  time  and  experience, 
materially  facilitated  the  experiment 
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carriage  around  in  a  horizontal  circle.  The  carriage  is  free  to  pivot 
about  a  horizontal  axis  tangent  to  the  circle  of  rotation  of  the  boom. 
As  the  speed  of  rotation  of  the  boom  increases,  the  G  force  increases 
and  the  bottom  of  the  carriage  swings  outward  and  upward  toward 
tho  horizontal.  Thus  the  G  force  is  always  directed  toward  the  sub¬ 
ject’s  feet. 

It  has  been  demonstrated  (1,  2)  on  the  human  centrifuge  that  as  G 
is  increased,  the  subject  may  experience  a  dimming  of  a  relatively 
bright  light  at  about  3.5  G.  As  G  is  increased,  peripheral  vision  is 
lost  and  at  about  5  G  foveal  vision  is  lost  and  “blackout15  occurs.  At 
this  point  the  subject  is  still  conscious  and  able  to  respond  to  a  gross 
auditory  stimulus.  If  the  G  force  is  reduced,  recovery  from  blackout 
takes  place  within  a  matter  of  seconds.  At  about  1  G  above  the  black¬ 
out  level  unconsciousness  occurs.  Return  to  consciousness  may  take 
about  30  seconds,  followed  by  a  period  of  a  minute  or  so  of  disorienta¬ 
tion  and  confusion.  It  should  be  noted  that  the  maximum  effects  of 
increased  G  are  usually  felt  within  5  to  8  seconds  after  the  onset  of 
tho  force  and  that  tho  body  can  tolerate  rather  large  values  of  G  if 
they  arc  of  short  enough  duration  (3). 

The  techniques  of  locating  the  points  where  visual  dimming,  loss 
of  peripheral  vision,  and  blackout  occur  have  been  used  to  determine 
tho  effectiveness  of  various  types  of  anti-G  (4)  suits  which  have  been 
found  quite  effective  in  raising  the  G  tolerance  (2, 4). 

Although  it  is  obvious  that  under  conditions  of  excess  G  a  person’s 
ability  to  pilot  an  aircraft  would  be  seriously  hampered,  it  lias  not  been 
demonstrated  that  under  relatively  low  G  forces  his  ability  is  im¬ 
paired.  It  was  tho  purpose  of  this  experiment  to  determine  whether 
or  not  such  a  simple,  practical  function  as  reading  aircraft  instru¬ 
ments  is  impaired  by  relatively  low  G. 

APPARATUS  AND  PROCEDURES 

An  instrument-reading  test  was  assembled  containing  eight  rows 
of  the  nine  common  aircraft  instrument  dials  used  in  the  AAF  classi¬ 
fication  test,  Table  and  Dial  Reading  Test,  CP-G22-A.  The  dials 
were  mounted  on  a  1G-  by  18-inch  piece  of  bristol  board,  four  rows 
numbered  1  through  -1  on  one  side  and  four  rows  numbered  5  through 
8  on  tho  reverse  side  (seo  fig.  20.1).  Each  row  presented  similar 
instruments  in  the  same  order  but  with  different  readings. 

Immediately  above  each  dial  was  presented  a  number  which  corre¬ 
sponded  to  or  was  markedly  different  from  the  reading  of  the  dial. 
Thus  the  lest  was  essentially  a  true-false  test  of  whether  or  not  tho 
dial  read  the  same  as  the  number  above  it.  Tins  number  was  inten¬ 
tionally  drawn  quite  largo  in  hopes  that  it  would  remain  clearly 
readable  under  conditions  of  moderate  G.  The  test  items  were  se- 
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FlRl'RB  20.1. — Test  Apparatus  us-c<l  on  the  cent rifiiKe  to  determine  the  effect  of 
G  on  the  ability  to  read  aircraft-iiot  rumen t  dials. 


Ice  tod  with  cure  to  equalize  the  difficulty  of  reading  the  comparable 
instruments  of  each  row  and  at  the  same  time  avoid  a  systematic 
pattern  of  right  and  wrong  items.  The  misleads  were  chosen  to  avoid 
any  such  debatable  misleads  as  an  erroneous  sign,  a  misplaced  decimal 
point,  or  an  incorrect  number  of  zeros.  If  the  answer  was  right  it 
was  as  nearly  correct  as  the  authors  could  read  the  dials  under  ideal 
conditions.  If  the  answer  was  wrong  it  was  in  error  by  at  least  one 
scale  division. 

The  test  panel  was  held  on  the  centrifuge  carriage  in  front  of  the 
subject  by  a  special  wooden  frame  which  allowed  the  panel  to  be.  re¬ 
moved  or  turned  over  readily.  _  The  wooden  frame  also  acted  as  a 
windshield  partially  protecting  the  subject  from  tho  wind  blast  en¬ 
countered  in  rotation  of  the  centrifuge  and  provided  a  mounting  for 
the  reading  lights  illuminating  the  test. 

The  reading  lights  were  mounted  at  the  top  and  bottom  of  the  frame 
to  provide  maximum  illumination  of  the  test  panel  and  minimum 
illumination  of  the  surroundings.  It  was  felt  that  extraneous  illumi¬ 
nation  of  either  the  walls  or  floor  would  be  distracting  to  the  subject 
and  perhaps  cause  dizziness.  Without  visual  cues  the  subject  was  not 
acutely  conscious  of  his  abnormal  position,  nearly  horizontal,  nor  of  his 
circular  motion.  The  reading  lights  were  controlled  by  the  test  admin¬ 
istrator  who  during  the  test  run  was  located  in  an  adjacent  control 
room.  Accurate  timing  of  the  effective  test  runs  was  obtained  by  use  of 
a  synchronous  motor  timer  which,  under  control  of  tho  operator,  kept 
the  reading  lights  on  for  exactly  30  seconds. 

The  subject  was  allowed  to  adjust  the  seat  to  bring  the  test  panel 
holder  into  what  he  considered  a  comfortable  reading  position  under 
the  circumstances.  Actually  the  subjects  invariably  left  the  scat  in  its 
normal  position  so  that  the  test  was  about  18  inches  from  the  eye,  per¬ 
pendicular  to  tho  line  of  vision,  with  the  center  slightly  below  eye 
level. 

Since  it  was  known  that  increased  G  interferes  with  motor  activity, 
it  was  deemed  necessary  to  provide  as  simple  and  convenient  a  method 
as  possible  for  the  subject  to  respond  to  avoid  the  possibility  that 
difficulty  in  responding  would  bias  the  results.  It  seemed  that  a 
vocal  response  would  be  least  likely  to  be  affected  by  increased  G  and 
at  the  same  time  provide  a  convenient  method  for  the  administrator 
to  record  the  responses  accurately.  An  interphone  system  was  installed 
and  a  microphone  mask  and  head-set  helmet  provided  for  the  subject. 
Corresponding  equipment  was  provided  for  the  administrator.  The 
subject’s  microphone  was  always  open  so  that  lie  could  communicate 
with  the  administrator  at  any  time,  while  the  administrator,  in  turn, 
could  give  the  necessary  directions  to  the  subject  at  the  appropriate 
times.  The  use  of  an  interphone  communication  system  was  also  of 
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value  in  reducing  the  apprehension  of  the  subject,  for  he  knew  that 
at  any  time  he  could  request  that  the  run  be  terminated. 

Although  sonic  static  was  encountered  in  the  interphone  system  inci¬ 
dent  to  the  rotation  of  the  centrifuge,  there  were  no  reports  by  either 
subject  or  administrator  of  an  inability  to  understand  clearly  any  of 
the  instructions  or  responses.  The  volume  of  the  interphone  amplifier 
was  maintained  at  a  rather  abnormally,  but  not  distraclingly,  high 
level  to  counteract  the  possibility  that  auditory  acuity  might  bo  im¬ 
paired  under  increased  G. 

As  a  safey  precaution,  an  observer  was  stationed  at  the  center  of 
the  centrifuge  who  could  in  an  emergency  stop  the  centrifuge.  Be¬ 
tween  test  runs,  when  tho  reading  light  was  off,  a  small  light  behind 
the  subject  provided  Sufficient  illumination  for  the  observer  to  notice 
if  the  subject  became  sick  or  slumped  forward  because  of  unconscious¬ 
ness.  Such  effects  were  not  anticipated  nor  did  they  arise  at  the  mod¬ 
erate  G  levels  used. 

Tho  safely  light  served  another  very  useful  function  during  the 
interval  between  tests,  when  the  reading  light  was  off,  by  providing 
sufficient  illumination  for  the  subject  to  keep  the  test  panel  located 
and,  at  the  proper  time,  turn  it  over.  Care  was  taken  in  positioning 
the  safety  light  to  make  certain  that  the  illumination  of  the  test  dials 
was  insufficient  to  allow  a  subject  to  read  any  items  prematurely.  It 
is  also  very  likely  that  by  providing  this  ambient  lighting  any  effect 
that  G  might  have  on  the  ability  to  dark  or  light  adapt  was  minimized. 

It  was  quite  obvious  that,  at  best,  there  were  many  factors  incident 
to  riding  the  centrifuge  other  than  a  simple  increase  in  G.  Unless  all 
these  factors  could  be  accurately  controlled,  equated,  and  measured, 
it  would  seem  inadvisable  to  compare  directly  results  obtained  from 
the  centrifuge  with  results  from  other  test  conditions.  Thus,  to  obtain 
u  best  approximation  of  tho  results  to  bo  expected  under  normal  G 
with  all  the  distraction  factors  present,  a  very  slow  speed  of  rotation 
of  the  centrifuge  was  used  as  the  control  condition.  Tints,  strictly 
speaking,  the  question  became  that  of  determining  the  effect  of  in¬ 
creasing  G  on  the  centrifuge  from  a  very  low  positive  value  to  a 
moderate  positive  value. 

It  should  be  noted  here  that  although  the  distraction  factors  incident 
to  riding  tho  centrifuge  were  somewhat  equated,  a  few  subjects  re¬ 
ported  that  they  noticed  an  increased  wind  against  the  eyes,  that  the 
static  in  the  interphone  increased,  and  that  a  slight  momentary  loss 
of  orientation  occurred  at  tho  higher  G  when  the  head  was  moved 
rapidly  in  shifting  from  the  end  of  one  row  of  test  dials  to  the  begin¬ 
ning  of  the  next.  However,  it  was  believed  that  those  factors  were  not 
potent  enough  to  affect  the  results  seriously. 

I*  rom  what  was  previously  known  aliout  human  behavior  under  in¬ 
creased  G  it  was  felt  that  3  G  was  the  maximum  safe  G  level  that  could 
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be  tolerated  without  definite  symptoms  of  visual  dimming.  An  exami¬ 
nation  of  unpublished  records  of  151  centrifuge  subjects  revealed 
that  about  9  percent  reported  some  dimming  at  or  slightly  below  51  G. 
One  and  one-half  G  G  above  normal}  was  selected  as  the  control 
condition  primarily  because  of  the  ease  with  which  it  could  be  ob¬ 
tained  and  maintained.  Thus  the  experimental  comparison  was  made 
between  the  two  G  conditions,  and  3  G. 

In  order  to  equalize  the  effect  of  any  differences  in  difficulty  of  the 
test  items  and  to  counterbalance  for  learning,  the  subjects  were  divided 
into  two  groups  of  equal  size,  one  group  following  a  sequence  of  V/z* 
3, 1 14, 3  G,  and  the  other  group  following  the  alternate  sequence  of  3, 
li/2, 3, 1J4  G.  Each  group  had  the  same  test  in  the  same  order  of  test 
items.  Thus  the  first  group  had  at  3  G  the  same  items  that  the  second 
group  had  at  l}/>  G. 

An  optimum  test  interval  of  30  seconds  was  established  in  pre¬ 
liminary  investigations.  No  subject  was  able  to  complete  two  row’s 
of  instruments  in  that  time  interval ;  however,  most  subjects  were  able 
to  complete  one  row.  Furthermore,  it  was  believed  that  surely  within 
30  seconds  the  maximum  effect  of  increased  G  would  be  obtained,  but 
that  longer  periods  would  not  only  make  the  administration  more 
difficult  but  might  place  undue  strain  on  the  subjects.  Sinco  it  took 
about  15  seconds  to  accelerate  the  centrifuge  to  the  desired  G  valuo 
and  to  instruct  the  subjects  between  test  runs, ’and  about  30  seconds  to 
turn  the  panel  over,  the  subjects  were  under  conditions  of  increased  G 
for  a  maximum  of  about  4  minutes  including  starting  and  stopping. 
There  is  no  evidence  that  physical  harm  would  or  did  accrue  from  such 
G  experiences. 

Thirty-four  rated  military  pilots  were  used  in  this  study.  T!\o 
subjects  had  had  no  previous  experiences  on  the  centrifuge,  but,  of 
course,  had  experienced  varying  amounts  of  G  in  flight  maneuvers.  It 
was  assumed  that  since  the  subjects  were  on  flying  status  their  physical 
conditions,  particularly  their  eyes,  met  the  physical  standards  estab¬ 
lished  by  the  AAF.  None  of  the  subjects  wore  glasses  during  the  tost 
although  the  use  of  glasses  or  goggles  might  have  eliminated  tho 
district  ion,  if  any,  of  wind  against  the  eyes. 

The  day  prior  to  the  test  proper  the  subjects  were  individually 
indoctrinated  concerning  the  centrifuge.  Essentially  the  same  mate¬ 
rial  was  covered  ns  is  discussed  in  tho  introduction  to  this  report,  with, 
however,  a  shift  in  emphasis  considered  desirable  to  minimizo  any 
apprehension  incident  to  the  forthcoming  unique  physical  experience. 
Tho  procedure  for  reading  the  dials  and  for  responding  was  explained 
in  detail.  Tho  subject  was  instructed  to  read  silently  the  number 
appearing  above  the  dial,  then  to  read  the  dial,  then  determine  whether 
or  not  the  dial  was  reading  tho  same  as  the  number  above  it,  and 
finally  to  respond  verbally  with  the  name  of  the  instrument  and  either 


7 (>3333— -47 - 18 


261 


‘•uuo*1  or  “fide.”  The  subject  was  instructed  that  ho  could  use  tho 
common  name  identifying  the  instrument  and  not  necessarily  tho 
name  printed  on  the  dial, 

Tho  subject  was  then  given  a  sample  test  which  was  read  and 
rcsjxtiulcd  to  in  the  prescribed  manner.  At  this  time  tho  subject 
also  was  instructed  how  to  turn  the  panel  over  so  as  to  be  able  to 
read  tho  items  on  the  back  of  the  panel.  Mistakes,  which  were  few, 
were  explained  and  corrected,  and  the  limits  of  accuracy  required 
explained  in  detail.  Following  the  indoctrination  and  tho  sample 
test,  tho  subject  was  given  a  practice  test  session  which  duplicated 
in  every  way  tho  final  test  This  was  considered  desirable  since  »n  such 
a  very  new  experience  tho  subject  might  l>c  so  distracted  as  to  forget, 
or  be  confused  about,  the  test  procedure. 

The  practice  test  procedure  exactly  duplicated  the  procedure  used 
with  tho  test  proper  except  that  after  the  practice  test  any  errors 
were  clarified  and  in  the  case  of  a  few  individuals  assistance  was  re¬ 
quired  during  the  test  run.  A  description  of  the  procedure  followed 
ir.  the  trst  proper  is  given  in  the  following  paragraphs. 

The  subject  was  seated  on  the  centrifuge  and  instructed  to  adjust 
the  seat  so  that  he  would  be  ablo  comfortably  to  read  test  material 
placed  on  the  test  panel  holder.  Ho  was  strapped  loosely  in  the  seat 
as  a  precautionary  mcasuro  against  the  remote  possibility  that  he 
might  become  unconscious  and  in  slumping  forward  strike  his  head 
on  the  test  panel.  The  safety  light  was  adjusted  to  provide  minimum 
illumination  of  the  test  dials.  The  subject  put  on  and  adjusted  his 
helmet,  containing  the  headset,  and  his  mask,  carrying  the  microphone. 
The  mask  was  adjusted  so  ns  not  to  impede  cither  mouth  or  nose  breath¬ 
ing.  Tho  test  administrator  checked  the  interphone  system  to  deter¬ 
mine  that  it  worked  properly  both  ways. 

The  test  procedure  was  then  reviewed  with  the  subject.  He  was 
given  the  sample  test  panel  and  again  asked  to  read  it,  respond  in  the 
proper  fashion,  and  turn  it  over  in  the  prescribed  manner.  By  the 
second  day,  during  tho  test  proper,  the  subjects  seemed  to  understand 
the  procedure  thoroughly. 

‘Flic  reading  light  was  then  turned  out,  leaving  only  the  safety 
light  for  illumination,  and  tho  test  panel  was  placed  in  position.  The 
administrator  retired  to  his  post  and  took  up  communication  with  the 
subject  by  interphone. 

The  subject  was  not  informed  of  the  sequence  of  G  conditions  he 
would  experience.  Actually  the  sequence  was  tho  same  as  that  on 
tho  previous  day’s  practice  test.  As  the  centrifuge  accelerated  to  the 
operating  speed,  tho  administrator  said,  “When  the  light  comes  on 
start  reading  at  lino  one;  when  you  finish  lino  one,  read  line  two.” 
Just  before  turning  on  the  reading  light  and  starting  the  30-second 
test  run,  the  administrator  reiterated,  “Start  reading  at  lino  one.” 
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These  m>ti  nations  were  repeated  for  each  of  the  four  test  run3  m 
references  ft,  hue  one,  three,  five,  and  seven.  At  the  end  of  the  second 
30-second  run  the  centrifuge  was  maintained  at  or  slowed  to  l1^  G  and 
the  subject  was  instructed  in  detail  how  to  turn  tho  test  panel  over. 
Wien  he  acknowledged  that  he  had  completed  this  operation  the 
instructions  were  given  concerning  line  five  and  the  test  continued. 
No  subject  evidenced  any  difficulty  in  following  the  instructions  during 
the  test  proper. 

The  administrator  recorded  each  response  as  correct  or  incorrect 
according  to  a  predetermined  correct  key.  Fortunately  there  wore 
no  omits.  The  subjects  were  not  told  their  scores  at  the  various  G 
levels  or  how  they  compared  with  other  subjects. 

RESULTS 

In  tablo  20.1  are  presented  the  means  and  standard  deviations  of  the 
B-W  (rights  minus  wrongs)  scores,  tho  number  of  errors,  and  tho 
number  of  attempts  at  V/>  and  3  G.  The  significance  of  tho  difference 
within  each  pair  is  indicated  by  the  t  values.  Those  significant  at  or 
above  the  1-percent  level  of  confidence  arc  so  indicated. 


Table  20.1. — Effect  of  Increased  positive  G  on  ability  to  read  aircraft  instruments 
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19.97 

3.40 

3.09 
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» There  data  ure  bosii!  on  tho  totals  obtained  from  two  30-second  tests  jicr  Individual  at  each  O  level. 
*  BignMcunt  at  tho  1 -percent  level  of  confidence. 


In  computing  these  statistics  the  raw  data  from  all  tho  V/>  G  runs 
for  each  individual  wore  combined  and  all  the  raw  data  from  tho  3  G 
runs  for  each  individual  were  combined.  All  31  subjects  were  then 
considered  as  a  group  in  which  it  was  hoped  that  the  influences  of 
learning,  order  of  tests,  and  difficulty  of  tost  items  were  equitably 
counterbalanced.  The  computations  of  the  various  sample  parameters 
were  then  performed  in  the  standard  manner.  Bight-mimis-wrong 
scores  were  used,  not  to  correct  for  “guessing,”  but  to  provide  a  better 
index  of  the  proportion  of  correct  responses  than  would  be  obtained 
if  a  percentage  figure  were  used  since  the  number  of  attempts  varied 
considerably. 

Inspection  of  table  20.1  indicates  that  the  subjects  made  significantly 
more  errors  in  reading  simulated  aircraft  dials  under  conditions  of 
3  G  than  under  conditions  of  l\<>  G.  This  finding  is  perhaps  par¬ 
ticularly  significant  since  tho  task  is  a  relatively  simple  one  as  coin- 
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pared  to  the  task  of  manipulating  an  aircraft  under  conditions  of 
increased  G.  How  much  the  performance  of  other  perceptual  tasks 
would  be  impaired  if  the  task  were  compounded  or  how  well  an 
itulvidual  would  eventually  adjust  to  increased  G  are  problems  for 
further  study. 

The  subjects  attempted  to  read  slightly  more  dials  at  3  G  than  at 
V/2  G.  Although  this  difference  is  not  statistically  significant,  it 
perhaps  indicates  that  extraneous  factors  were  not  biasing  the  results 
or  perhaps  that  the  subjects1  critical  abilities  were  impaired  to  the 
extent  that  they  did  not  recognize  or  were  less  concerned  with  wrong 
responses. 

The  data  from  tho  practice  test  were  recorded  and  analyzed  in  the 
same  manner  as  those  of  the  test  proper.  Analysis  of  theso  data, 
although  not  conclusive,  supports  the  results  of  the  test  proper. 

It  seems  quite  clear  from  the  results  that  ability  to  read  the  dials 
was  impaired;  however,  there  is  no  evidence  indicating  why  this 
phenomenon  occurred.  At  least  two  hypotheses  can  be  offered  pending 
further  investigations:  vision  may  be  impaired,  or  the  interpretation 
of  visual  stimuli  may  be  impaired.  In  any  case  the  common  factor 
is  probably  anoxia  caused  by  a  reduction  in  the  blood  supply  to  the 
eyes  or  to  tho  brain. 

SUMMARY  AND  CONCLUSIONS 

1.  The  purpose  of  this  study  was  to  determine  whether  the  ability 
to  read  aircraft  instrument  dials  is  impaired  under  conditions  of 
moderately  low  G.  Thirty-four  rated  military  pilots  were  required 
to  read  printed  simulated  instrument  dials  under  conditions  of  iy2 
and  3  G  ns  produced  by  tho  human  centrifuge.  It  was  found  that  the 
subjects  made  significantly  more  errors  under  conditions  of  3  G  than 
they  did  under  conditions  of  V/2  G. 

2.  Since  the  ability  to  read  simulated  aircraft  dials  accurately  was 
decreased  under  conditions  of  3  G  as  compared  to  conditions  of  1 G, 
it  is  concluded  that  moderate  G  impairs  the  ability  to  read  aircraft 
instruments. 

REFERENCES 

1.  AAF  Manual  No.  25-2, Vhgzlologg  of  Flight,  March,  10-15. 

-•  AAF  Technical  ltejxirt  No.  5-133,  Dcxlgn  and  Use  of  Anti-0  Suits  and  Their 

Activating  Values  In  World  War  II.  March,  lJMO  (restricted). 

3.  Armstrong.  If.  Q.,  nml  Helm,  J.  \V.  Effect  of  acceleration  on  the  living  or¬ 

ganism.  J.  Ant.  J  red.,  December,  1038. 

4.  Matson,  (».  L,  and  Mnnskc,  C.  A.,  and  others.  Acceleration  and  the  O  suit. 

Air  Surgtun’t  Hull,  2,  January,  HM5. 


264 


CHAPTER  TWENTY-ONE _ 

Summary  and  Evaluation 

Paul  3L  Fitts 


SUMMARY  OF  RESEARCH  FINDINGS 

Tho  studies  of  human  efficiency  in  operating  equipment  and  the 
investigations  of  perceptual  and  motor  capacities  relating  to  equip¬ 
ment  design,  reported  in  this  volume,  have  yielded  findings  of  prac¬ 
tical  importance  to  psychologists  and  engineers  concerned  with  the 
relationship  of  man  and  machine. 

It  has  been  possible  to  draw  conclusions  regarding  several  important 
visual  display  problems.  The  conditions  under  which  quantitative 
data  should  bo  displayed  in  tabular  or  in  graphic  form  have  been 
specified ;  several  factors  have  been  shown  to  be  important  for  tho 
tic-sign  of  scales  employed  in  measuring  and  plotting  air  navigation 
courses;  a  number  of  features  have  been  found  to  contribute  signifi¬ 
cantly  to  speed  and  accuracy  of  clock  reading;  tho  spacing  of  scale 
divisions  and  the  size  and  number  of  intermediate  numerical  markings 
on  instrument  dials  have  been  shown  to  be  major  determinants  of 
reading  accuracy;  the  direction  and  piano  of  movement  of  controls 
and  indicators  have  been  shown  to  bo  an  important  factor  in  deter¬ 
mining  human  efficiency  in  initiating  appropriate  control  movements; 
and  tho  coordinate  system  and  typo  of  directional  stabilization  used 
with  radar-scopo  presentations  have  been  found  to  be  significantly 
related  to  speed  and  accuracy  of  interpretation. 

Capacities  of  individuals  for  discriminating  pressure,  shapo,  and 
location  have  been  studied,  and  practical  findings  obtained  that  are 
of  wide  interest  because  of  their  significance  for  understanding  tho 
proprioceptive  and  tactual  control  of  behavior  and  because  of  their  im¬ 
plication  for  maximizing  the  cues  available  to  the  man  who  is  operating 
machino  controls. 

Investigations  of  the  efficiency  of  different  types  of  adjustivo  reac¬ 
tions  have  shown  that  there  are  important  differences  between  tho 
accuracy  of  the  hands  and  feet  in  controlling  a  visual  indicator;  that 
there  arc  significant  differences  in  the  accuracy  of  control  toward  and 
away  from  the  body  as  compared  with  left-right  control  movements; 
and  that  successive  clockwise  or  counterclockwise  adjustments  are 
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matlo  with  speed  ami  accuracy  superior  to  a  series  of  alternating 
adjustments.  In  a  following-pursuit  task  (tracking  a  target  with  a 
gun  sight)  it  has  been  found  that  the  shape  and  mode  of  action  of 
hand  controls  has  a  very  important  influence  on  the  accuracy  of 
performance. 

In  two  studies  of  the  effects  of  unusual  environmental  conditions 
upon  perceptual  abilities,  it  was  found  that  mild  anoxia  has  little  or 
no  influence  upon  the  extent  of  illusory  visual  judgments,  and  that 
the  amount  of  positive  acceleration  is  significantly  related  to  the 
accuracy  of  dial  reading. 

FUTURE  RESEARCH 

Investigations  of  the  kind  reported  in  this  volume  will  continue 
to  lx*  emphasized  by  the  Psychology  Branch.  In  the  future,  moreover, 
it  is  hoped  to  establish  some  of  the  theoretical  principles  underlying 
engineering  psychology.  The  number  of  theoretical  problems  in  this 
field  is  large.  Information  is  needed,  for  example  on  such  questions 
as  how  men  orient  themselves  in  three-dimensional  space,  what  sensory 
cues  aro  relic-1  on  in  making  precise  connective  and  adjustive  control 
movements,  and  how  interpretation  of  single  instrument  displays  is 
influenced  by  the  total  pattern  of  surrounding  objects  in  the  workplace. 

During  the  coming  year  it  is  plannod  to  undertake  several  studies  at 
a  more  complex  level  than  any  carried  out  thus  far.  It  is  expected 
that  equipment  will  l>c  available  in  the  laboratory  for  simulating  with 
a  high  degree  of  validity  some  of  the  tasks  of  the  pilot  and  of  the  radar 
operator  and  for  obtaining  detailed  quantitative  records  of  perform¬ 
ance.  It.  is  also  expected  that  an  air-borne  psychological  laboratory 
will  be  available  for  obtaining  reliable  records  of  pilot  reactions  and 
Hying  proficiency. 

A  number  of  university  psychology  laboratories  have  initiated 
research  on  equipment-design  problems  under  contract  with  the  Air 
Materiel  Command.  These  universities  should  make  a  significant 
contribution  to  engineering  psychology.  The  research  at  universities 
will  complement  the  work  of  the  Psychology  Branch,  and  make  it  pos¬ 
sible  to  investigate  certain  problems  more  intensively  and  more  sys¬ 
tematically  than  is  possible  at  Wright  Field. 

One  university  contract  calls  for  systematic  study  of  different  types 
of  visual  and  auditory  warning  devices.  The  effectiveness  of  differ¬ 
ent  stimuli  is  being  studied  in  a  situation  where  the  environment  and 
tho  task  given  the  subject  are  carefully  controlled,  and  also  in  a  Link 
trainer  where  tho  subject  is  engaged  in  a  complex  and  changing 
problem.  Two  related  university  projects  involve  the  study  of  factors 
influencing  the  ability  of  individuals  to  interpret  dials,  scales,  and 
computers,  and  the  ability  to  read  various  kinds  of  verbal  materials, 
including  numerals  and  letter's,  quickly  and  accurately.  Factors  such 
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as  style  of  numerals,  illumination,  noise,  and  vibration  will  be  studied 
systematically.  Another  university  laboratory  is  studying  orienta¬ 
tion  problems  in  relation  to  the  design  of  various  types  of  equipment 
used  by  the  pilot,  radar  operator,  and  navigator  in  keeping  track  of 
ground  position,  heading,  and  attitude.  Two  other  university  proj¬ 
ects  arc  concerned  chiefly  with  control-design  problems  and  questions 
of  motor  abilities.  Design  of  controls  for  use  in  the  prone  and  supine 
positions  and  study  of  the  effect  of  general  body  position  on  motor 
abilities  is  the  topic  of  one  project.  The  other  project  concerns  the 
design  of  controls  to  provide  most  effective  tracking  by  the  gunner, 
and  the  frequency  analysis  of  tracking  errors  in  relation  to  such  fac¬ 
tors  as  the  mass  of  the  instrument  being  positioned,  angular  speed  of 
the  target,  control  principle  employed,  and  muscle  groups  used.  Sev¬ 
eral  additional  university  contracts  arc  concerned  with  more  specific 
problems. 

It  is  believed  that  future  research  both  at  Wright  Field  and  at  uni¬ 
versities  will  be  characterized  by  increasingly  efficient  methodology 
as  techniques  of  investigation  in  this  new  field  arc  refined,  as  experi¬ 
mental  variables  come  to  be  understood  better,  as  questions  of  inter¬ 
action  effects,  population  differences,  and  learning  arc  settled,  and 
as  better  apparatus  is  developed  for  studying  equipment  design 
problems, 

EVALUATION 

The  scope  of  engineering  psychology  appears  broader,  the  psycho¬ 
logical  problems  more  numerous,  and  the  applications  more  signifi¬ 
cant  than  when  the  research  program  was  initiated  a  year  ago.  It 
has  been  found,  for  example,  that  such  a  familiar  instrument  n3  a 
clock  is  misread  over  30  percent  of  the  time  when  a  poor  dial  design 
is  used,  and  that  the  difference  in  number  of  errors  when  a  good  and 
a  poor  dial  is  used  is  almost  tenfold.  As  another  example,  research 
data  indicate  tiiat  the  efficiency  of  the  defensive  fire-control  system  of 
a  largo  bomber — a  system  that  has  cost  millions  of  dollars  to  produce — 
can  be  increased  by  approximately  $5  percent  simply  by  changing  the 
shape  and  mode  of  action  of  the  hand  grips  used  by  the  gunner. 

For  the  past  200  years  man  lias  been  adjusting  constantly  to  the 
new  devices  of  a  machine  age.  The  importance  of  designing  machines 
in  relation  to  man’s  own  capacities  for  perceiving  and  reacting  is 
finally  coming  to  bo  recognized.  The  application  of  psychological 
research  techniques  to  this  problem  is  an  exciting  challenge. 

Since  tiic  scope  of  this  new  field  of  psychology  is  so  broad,  and  the 
need  for  basic  psychological  information  so  widespread,  it  is  hoped 
that  in  the  future  many  psychologists  will  undertake  research  on 
equipment-design  problems. 
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APPENDIX  A _ 

Names  of  Personnel  Who  Were 
Assigned  to  the  Psychology  Branch 
of  the  Aero  Medical  Laboratory  at 
Some  Time  Between  1  September 
1945  and  1  October  1946 


Name 

Military  status  at 
time  of  reparation 
or  as  of  Oct.  1,  ISM 

Aborn,  Murray . . . 

mti . 

Abrams,  Ocorge  D . . 

cw.::::. 

Alkiutcin.  Morton  B . 

etu.. . 

llnkalM,  Joseph . . . 

Sit . 

Ilcil worth,  Sallsr  J . . . . . 

Hlcler,  Itooert  fe . 

Carp . 

Iloorj\  John  F . . . . . . 

S/Sg 1 . 

Brick,  Jay  K . 

Brown,  Judson  3..... . . . 

Itrown,  Waller  T . . 

8,1 . 

Carter,  I.aunor  Y . . . 

MaJ . 

Ci*rf*  Arthur  Z . 

h/Sgt . . . 

CbrLstcnson,  Jullcn  M . . . . 

First  Lt . 

Connell,  Shirley  C„.. . . . . 

Cowlm,  John  'f . . . 

First  Lt . 

S|t . 

DISK'S,  Sue  5 . 

DuctnJy,  Mlchnel  M . . . 

Sl»t . . 

Corp . 

|,t.  Col . 

(Japie,  Hobert  M _ _ - . 

First  Lt . 

(linn,  Vernon  II . , . 

First  Lt . 

(i  ret  her,  Walter  K.. . «. . 

MaJ . 

Jenkins,'  William  O... . 

_ 

John. ‘•on,  Albert  P . 

capt:::::::::::..::::. 

Joseph,  Itobert  T . 

Korinck,  (leorgo . - . 

s/At . 

8i*t . ; . 

Corp . . 

McKcwcn,  Peter  8 . 

Corp . 

Set. . 

Flrst-Lt . 

M  uehlbnu.*  or,  Helmut- . . . . 

Pvt... . 

Capt..' . 

Capt . 

3iCt . 

Capt . 

SrI . 

S/Sfct . . 

It'll  tele;  Kuliert  J . 

Silt . 

First  Lt . 

Corp . 

Shnauftcr,  Ittilnh  K . 

Fecund  Lt . 

Months  of  service  with  th* 
Psychology  Branch 


Military 

Civilian 

Total 

1 

0 

1 

7 

0 

7 

2 

0 

2 

0 

4 

3 

C 

2 

1 

7 

9 

7 

3 

0 

i 

4 

0 

4 

0 

A 

A 

1 

0 

t 

0 

7 

7 

2 

0 

3 

6 

3 

0 

0 

3 

2 

0 

2 

3 

9 

7 

7 

0 

i 

A 

•  4 

0 

4 

2 

0 

2 

11 

2 

13 

1 

0 

t 

S 

0 

4 

A 

7 

13 

0 

11 

11 

s 

0 

4 

8 

0 

» 

4 
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4 

4 

0 

4 

4 

0 

4 

4 

0 

4 

7 

0 

7 

1 

0 

l 

8 

0 

4 

4 

0 

4 

A 

0 

A 

A 

0 

A 

1 

0 

1 

3 

0 

3 

4 

0 

4 

a 

0 

3 

4 

0 

4 

1 

0 

1 

1 

0 

1 

2 

0 

3 
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Kum 

Military  status  at 
time  of  separation 

Months  of  service  with  th* 
Psychology  Branch 

or  as  ol  Oct.  1, 1314 

Military 

Civilian 

Total 

Fmlth,  Bnrmonil  B . 

8{t . 

4 

0 

4 

Sow<Icr,  Wand*  1/ . . . . . 

0 

5 

5 

FUulftf.Nfl!  P . . . . . . 

8gt . 

3 

0 

3 

Fining,  fevilya.. . . . . . 

0 

5 

5 

Ttrry,  JeweiU . . . . 

0 

3 

3 

Thomas,  Frances . . 

0 

t 

0 

Van  Faun,  II.  Itlchifd.... . . . . 

Capt . 

0 

7 

7 

Wamcr,  Jerom* . . . . . 

Sgt . 

1 

0 

1 

Wall.  Patricia  A . 

0 

13 

13 

Warrick,  Melvin  S . . . 

First  Lt . 

o 

7 

7 

Webb.  WfJja  n . . . . . 

First  Lt . 

1 

0 

l 

Yount,  Kaihartna  D.. . . . . 

0 

8 

$ 

Name  Index 


Abel,  T.  SI.,  60. 

Abrams,  G.,  81. 

Allenstcln,  if.  B.,  173. 

Armstrong,  H.  G.,  264. 

Baknlus,  J.,  14,  137. 

Barnes.  R.  M.,  58,  60. 

Bartlett,  F.  C.,  ill,  10,  60. 

Beard,  A.  P„  50,  62. 

Becker,  J.,  01. 
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